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FOREWORD

At present reversers intended to produce a reverse thrust of turbojet
engines in aircraft landings are widely used in passenger and transport jet
aircraft. We know of foreign publications in which data are given on parti-
cular reversers; several studies dealing with calculation and theory have been
published in the Soviet Union. Still, works generalizing research on rever-
sers that can serve as a basis for new developments have not been published
either in the domestic or in the foreign literature. Textbooks evidently
merely provide a definition of reversers.

In recent years aircraft with shortened and vertical takeoff and landing
have made considerable advances; the power plants of these aircraft are equip-
ped with devices for deflecting turbojet exhaust downward. The literature
contains almost no account of the results of experimental research on turbo-
jet deflectors.

This monograph written by a collective of authors on the initiative of
K. N. Popov, is the first attempt to fill this gap. It sets forth the results
of calculations-theoretical and experimental investigations on models of re-
verser and deflecting devices for turbojet engines. The greater part of the
book deals with reversers.

For the first time, basic information on a variety of reverser layouts
is set forth in a systematic way (Chapter |). Many constructed designs of
reversers and deflectors are also considered.

The divisions of the book in which the results of experimental research
on reverser and deflecting devices obtained from models (Chapters 1V, V and
VII1) and information on the propagation of the reverse stream in the external
flow (Chapter VI) are of vital importance. Systematized and generalized data
from model and full-scale tests of reversers are recommended for use in con-
ducting evaluational calculations. Of interest are the results of experi-
mental research, conducted on models, of different schemes of deflector de-
vices for main and 1ift turbojet engines (Chapter VIIl). These results can
be used in practical developments.

Bearing in mind that building experimental forced-measurement facilities
for research on reverser and deflecting devices encounters certain difficul-
ties, the author deemed it worthwhile to take up a number of methodological
problems involved in using such facilities and also, in particular, in using
a facility equipped with forced-measuring elements fitted with wire resist-
ance transducers (Chapter 111). These questions are thus far not touched on
in the literature.

K. N. Popov wrote §2 and 4 in Chapter 111, 83 in Chapter IV, §3 and 5 in
Chapters 7 and Chapter 8; N. |. Khvostov-- §2 in Chapter |, §2 in Chapter 11,



§4 in Chapter IV, §1, 2 and 3 in Chapter VI and §2 in Chapter VII; A. A.
Svyatogorov--§1, the first part of &4 and 5 in Chapter 1, §1 and 3 in Chapter
111, §1, 2, 5 and 6 in Chapter IV, §4 in Chapter VI and §1 in Chaptef VII;

A. A. Svyatogorov wrote together with K. N. Popov-- §3 and the second part of
§4 in Chapter I, §1 in Chapter Il, Chapter V, and §4 in Chapter VII; A. A.
Svyatogorov wrote the Introduction together with N. |. Khvostov.

The authors are deeply indebted to V. M. Akimov and L. A. Sorkin for
their assistance in conducting the studies that served as the basis for the

monograph.

In carrying out the graphic work and putting together the manuscript,
the authors were greatly helped by L. |. Savichev and L. A. Sabushkin, to
whom the authors express their gratitude.

Comments and recommendations about the book should be sent to
Mashinostroyeniye Publishing House,(Moscow, K-51, Petrovka, 24).

vi



SYSTEMS FOR DEFLECT!ON OF THE JET STREAMS
OF TURBO-JET ENGINES

A. A. Svyatogorov, K. N, Popov and N. |. Khvostov

ABSTRACT: Turbojet engine thrust reversers and devices for
deflecting the jet exhaust are examined in this book. The
present status of research and development of reversers and
deflecting devices is described and domestic priorities in
building reversers is underscored. The efficiency of thrust
reversal in braking aircraft upon landing and in flight is
indicated, as well as efficiency in deflecting the jet exhaust
downward to shorten the takeoff and landing distance. A clas-
sification is given and principles laid down for building
reverser and deflecting devices and examples of the construction
of a variety of devices are cited. The fundamentals of gas-
dynamic calculation of reverser and deflection devices are

given. The method of calculation is illustrated by an example
of the development of a reverser design from data of experimental
research.

Methods of research and experimental facilities for testing
models of reverser and deflecting devices are examined. The
results of studies made by the authors on models of these devices
using facilities equipped with force-measurement i{nstruments are
set forth. In the investigations gas-dynamic measurements were
also made with the aim of studying the physical flow pattern.

Sys tematized and generalized data rooted in experimental in-
vestigations of models and full-scale reversers is recommended for
use in calculations: full pressure recovery coefficients in de-
flecting devices of reversers and information on the effect on
the reverse coefficient of by-passing part of the exhaust gases
through the nozzle in the straight-flow direction. The results
of measuring the exit angle of the flow from deflecting screens
and connecting pipes of the reversers and the results of research
on the diffusion of the reverse stream into the external flow
bear scientific interest as well as practical worth.

The book is intended for engineering-technical personnel in

the aviation industry. It can also be used by instructors and
students in senior courses at aviation technical colleges.

Introduction

The steady increase in flight speed and weight of modern aircraft with
turbojet engines has lead to an appreciable deterioration of their takeoff

* Numbers in the margin indicate pagination in the foreign text.



and landing capabilities. The takeoff and landing speeds of aircraft have
risen sharply, in spite of an increase in the lift coefficient through mech-
anization of the wing, suction or blowing of the boundary layer. The increase
of takeoff and landing velocities leads to an intensive increase in the take-
off run and in the landing run, since these quantities are proportional to

the square of the liftoff and landing velocities. The increase in takeoff and
landing distances leads to a rise in the extent and cost of airports and re-
duces the operating potentialities of aircraft.

The reduction in the takeoff run distance is attained by increasing the
thrust-to-weight ratio of an aircraft, that is, the thrust produced per unit
aircraft weight. 1In addition, takeoff boosters can be used.

More complex is the problem of reducing the landing run distance, depend-
ing as it does on the landing velocity and on the braking devices used. An
aircraft can be started at the beginning of the runway, however, the touch-
down point will always be at some distance from the start of the runway.

The landing run distance can be reduced by effective slowing up of the
aircraft.

Until recently, the principal devices used in braking aircraft with
turbojet engines included wheel brakes, brake flaps, and brake parachutes.
An increase in the frictional force of wheel brakes leads to larger brake
sizes and the need to increase the wear resistance of tire treads. An in-
crease in the aerodynamic resistance of brake flaps and parachutes is attained
by a sizeable expansion of their area, and consequently, of their weight. 1In
addition, parachutes are unsuitable when there are sidewinds and inconvenient
for repeated use. Brake parachutes in passenger and transport avaiation at
the present time find use only in emergency situations, when landing on wet /6
or iced runways. __

In braking aircraft, use can also be made of engine thrust reversal, af-
fording a reduction in landing run distance. Producing negative thrust is
attained by deflecting the turbojet engine gases in the opposite direction in
so-called reversers (thrust reversers). The landing run distance of aircraft
equipped with reversers becomes considerably less than when braked only with

wheel brakes.

Thrust reversal proves to be an especially effective means of braking at
low coefficients of friction of wheel treads on runways, for example, when
landing on wet or iced runways. In these cases wheel braking is not only
ineffective, but also hazardous, therefore reversing turbojet engine thrust
proves to be the only way of slowing down the aircraft (excluding fixed re-
tarding devices). Thus, under severe meteorological conditions safety is
also increased when the plane lands after touchdown.

The reverser can be used under any engine performance condition--from low
to maximum throttle., Inclusion of the reverser when climbing an aircraft
affords a more precise landing approach and increases by 3-4 times the glide



angle compared with the usual value. It is possible to brake an aircract
with a reverser also in the hold pattern when landing. All this makes it
feasible to achieve further shortening of ‘the landing distance of the air-
craft. In the event of improper landing approach it becomes possible to
bring the aircraft in on the second turn around from the glide section.

Engines without reversers operate upon landing at low rpm, and the pick-
up capability of jet engines not being high enough does not afford a suffic-
iently large increase in thrust to the level needed for the climb. In con-
trast, the time required to change from reverse to positive thrust of turbojet
engines fitted with reversers is 1-2 seconds. The reverser can be used in
braking aircraft also in the event it is necessary to abort the takeoff run.

Reversers can be used in braking aircraft also in mid-flight, for example,
in approaching zones with unfavorable meteorological conditions or in accident
situations. Thus, reversers of turbojet engines are a universal braking
device. In addition, when braking with reversers wear on the tread of air-
craft landing gear is considerably reduced.

Reversers increase the weight and cost of an aircraft, complicate its /7
construction and piloting, but these disadvantages are slight compared to the
indisputable benefits from using these devices. A convincing demonstration
of this is the wide use of reversers in braking when landing passenger and
transport jet aircraft for which questions of safety (in particular, in land-
ing) are of paramount importance.

The first part of the book deals with reversers.

Another avenue to reducing the landing run distance and also a device to
reduce takeoff distance is the use of turbojet engines to produce a lift on
aircraft capable of short and vertical takeoff and landings (VTOL). These
aircraft solve the problem of airportless basing and increase the mobility of
modern aviation, finding considerable acceptance in recent years. Aircraft
capable of landing on small, unequipped areas and taking off from these sites
can deliver passengers and cargo to locations that are hard to get to other-
wise. The importance of aircraft with vertical takeoff and landing in mili-
tary application is especially great owing to the high vulnerability of todays
airports during wartime. VTOL power plants are equipped with deflecting de-
vices that afford diversion of exhaust gases of turbojet engines downward and
also their deflection forward. Thus, the deflecting devices can be used in
takeoff, landing, and in horizontal flight of aircraft. Turbojet engines with
deflecting devices are also called lift-main (lift-sustainexr) engines.

Vertical takeoff and landing of aircraft are also made possible by using
special, so-called 1ift, engines located vertically on the aircraft. In con-
trast to lift engines intended only for horizontal aircraft flight, these are
called main (sustainer) engines. To use the thrust of 1ift engines in short-
ened takeoff and landings and to accelerate aircraft these engines are also
equipped with devices for deflecting the jet exhaust. Such lift engines are
sometimes called lift-booster types. Deflecting devices on 1lift engines may



not in principle differ from those used for lift-main engines, however, in
lift engines a smaller jet exhaust rothtion angle is required.

Increasing the flight ceiling of aircraft leads to aerodynamic control
surfaces becoming of low efficiency. The reason for this is the drop in the
air density and, as a consequence, the reduction of aerodynamic forces applied
to the coutrol surfaces. At low flight velocities the efficiency of aero-
dynamic control surfaces is also lowered. We know that some modern fighters /8
become hard to control at velocities approaching the landing speed. The con- ~
trolability of vertical takeoff aircraft at zero or near to zero flight velo-
cities is a serious problem. In addition to exhaust control surfaces, deflect
ing devices of turbotude engines can also be used to control aircraft under
conditions when aerodynamic forces operating on control surfaces are small.

Deflecting devices of lift-main and 1lift-turbojet engines are examined
in the second part of the book.



CHAPTER |
TURBOJET ENGINE THRUST REVERSERS

81. Present Status of Research and Development of Reversers /9
The first turbojet engine reverser was built in the Soviet Union.

In 1948 S. V. Vorozhbiyev and others under the leadership of V. Ya.
Klimov built a reverser for the RD-45 engine. Two shutters of the reverser
were located aft of the exit section of the jet nozzle (Figure 1.1). When they
were rotated the gases were expelled in two directions. In the non-operative
position the shutters were satisfactorily encompassed within the dimensions of
the tail end of the aircraft. The device was designed to brake an aircraft
upon landing and also as a device to increase engine acceleration affording a
rapid change in thrust level. Stand and flight tests of the engine conducted
in 1949 showed the possibility of achieving reverse coefficients of 0.35-0.401.
Opening up of the shutters into the working position took 1-1.5 seconds.

In 1948 V. Ye. Medov and G. P.
Anan'yev ran stand tests on the
RD-10 engine of a device fitted aft
of the turbine and mounted to a
pipe of rectilinear cross-section
with two controllable shutters de-
flecting exhaust gases forward
(Figure 1.2). This device was
viewed as a means of increasing
engine acceleration and also afford-
ing a change of engine thrust to the
reverse setting, that is, serving
the function of a reverser. The
transition from full positive to
maximum negative thrust took about /10
1 second, and from negative to T
positive thrust, even shorter--0.7
sec, A reverse coefficient of 0.24
was achieved. However, in experi-
ments involving rotating shutters
into the working position an in-
crease in temperature and pressure

Figure 1.1. Reverser on the RD-45
Engine at the Flight Laboratory.

1 Below we will call the ratio of the ﬁzéatiVe~£hihst ﬁ}dduced at the nozzle to
the positive thrust for the same engine rpm levels and the same degree of pres-
sure reduction in the jet nozzle the reverse coefficient (degree) and label

1t Rpey:



of the gases at the jet nozzle and the reduction of engine rpm level were ob-
served. As a consequence of gas leaks caused by design and production short-
comings, losses in direct thrust produced by the engine amounted to 4.5%.

Figure 1.2. Reverser Investigated on the RD-10 Engine: a, Side View; b,
View from Jet Tallpipe.

In 1949 A. V. Chesalov, A. I. Prut and S. S. Filler developed two schemes
of reversers and conducted stand tests on RD-10 engines fitted with reversers

(Figure 1.3).

A number of reversers
were studied on turbojet
engines by A. I.Prut (Fig.
1.4). Flight tests of
scheme III conducted at the
flight laboratory showed
that at rpm levels close to
the nominal value the en-
gine performance conditions
when the thrust was re-
versed remained unchanged,
while at lower rpm levels

Figure 1.3. Reversers Investigated on the an increase in gas tempera-
RD-10 Engine with Rectangular Cross-Section tures in the nozzle and
Nozzles: 1, With a reflector (R = 0.67); decrease in engine rpm were

LWith Tilti Shutt (R Ieg ) observed. The possibilities
I, W titing ohutters iR ov = -57) - of using reversers in

braking aircraft in landing
and in flight were also
exanined and the principal requirements placed on reversers were formulated.

Thus, even in early domestic studies the possibility of reaching high
reverse coefficient values was demonstrated. However, increase in pressure and
temperature of gases in the jet nozzle when certain reversers were incorporated
into the aircraft layout, associated with inadequate flow through sections,
made it impossible to use these developments in a practical way. This was also



promoted by -the unsatisfactory design execution of most of the layouts studied.
Later, interest in work on reversers lagged and no new studies were carried outy

Figure 1.4. Reversers Investigated on the RD-10 Engine: |, With Spherical
Shutters in the Ejector (Rrev = 0.30); 11, With Tilting Shutters on the Con-

stricting Nozzle (E}ev = 0.12); 111, With Tilting Shutters at the Diffuser
Section of the Exhaust Passage (E}ev = 0,65); IV, With Tilting Shutters of the
Reverser and Jet Nozzle (E}ev = 0.57).

Since approximately 1954 work on reversers conducted in the United States,
France, Great Britain, and Switzerland by many firms over a period of several
years began to be known from the foreign periodic literature.

Several schemes of reversers were proposed that provided high reverse
coefficient values and an applicable design execution of the reversers in
engines. Designs were developed for reversers of a variety of schemes intended
for turbojet engines and bypass engines installed on jet airliners. At present
airliners of the United States (Boeing 707, Douglas DC-8 and DC-9, Convair 990
and others), Great Britain (Comet) and France (Caravelle), and several transport
aircraft have reversers used in braking aircraft during landing runs after
touchdown.

A distinctive feature of many foreign reports is their advertising slant.
For example, sometimes only test data is given in the form of reverse coef- /12
ficients obtained. We will limit ourselves here to recounting only the fullest
studies. The study [26] examines general considerations on the possibilities
of using reversers, on their construction principles, on weight and requirements
for reliability and reverser control systems. General questions associated with
selection and design of reversers, problems cropping up in their use on air-
craft are the subject of the articles [25-37].



A description of specific designs of reversers can be found in the fol-
lowing studies [20, 22, 25, 28, 32, 40, 44, 46]. Experience in final adjust-
ment, operation, and testing of reverseys on aircraft is highlighted in the
studies [22, 28, 33, and 45]. Noteworthy is article [30] in which the problem
of using a parachute for braking when landing heavy jet airliners is taken up.
Based on calculation estimates, it is shown in the article that the main ad-
vantage of the brake parachute compared with the reverser is the substantial
weight reduction, and under certain conditions operating outlays as well.

Not one of the studies we cited contained data that could serve as the
basis for developing reversers even of the types described. The study [38] in
which results are given of studies of reversers of different types built on
models also lacks such information.

In 1955 research on reversers was resumed in the USSR. Studies began to
be conducted on models. In several engine experimental-design bureaus designs
were worked up for a variety of reverser schemes applied to specific engines.
Reversers were built under the supervision of S. K. Tumanskiy for turbojet /13
engines and under the supervision of N. D. Kuznetsov for bypass engines. o

In recent years several studies have appeared in domestic literature,
mainly of the calculation-theoretical kind, on turbojet engine reversers [2, 8,
9, 10, 11, 12, 16, 17 and 18].

We must note that initially reversers were developed for military air-
craft (fighters). Flight tests were made of fighters with reversers. Thus,
for example, one of the reverser designs of the SNECMA firm (France) was used
as air brakes at M = 0.9 and had a substantial effect. One of the first public
demonstrations of the operation of a reverser was held in 1953. At the
LeBourget airport (Paris) the De-Havilland Vampire aircraft with a Gohlin

engine traversed the airport facing backwards [34].

The question of the value of using reversers for turbojet engines on
military aircraft at present is under discussion. The fact that reversers have
not found use in military aircraft is accounted for in our view by the possib-
ility of insuring braking when landing military aircraft by using wheel brakes, /14
wheel parachutes, and other devices. In fact, problems of safety in landing T
for military aircraft are of less importance than for civilian. In addition,
the relative increase in the weight of the aircraft is of substantial import-
ance, which for a given reverser weight is considerably greater for several
types of military aircraft than for civilian.

Development of power plants for military aircraft is proceeding, moreover,
along the line of building lift-main engines with devices deflecting exhaust
gases in different directions and used both in takeoff and landing, as well as

in horizontal flight.



§2, Effectiveness of Thrust Reversal When Braking Aircraft in Landing and
Flight
Thrust Reversal upon Landing
In order to estimate the effectiveness of thrust reversal of a turbojet

engine, let us look at the possibility of reducing the landing distance of the
aircraft under a variety of conditions.

Let us denote the amount of negative thrust produced by the turbojet
engine nozzle, neglecting the input momentum of the air passing through it,

Rrev’ and the value of the direct thrust in the nozzle--Rnozzle-

We will define the thrust reversal coefficient to be the ratio

=R__/R

rev rev’' nozzle

for the same engine rpm and for the same extent of pressure reduction

-n—*
nozzle

We can express the negative thrust of the engine Prev via the reverse

coefficient, input momentum, and direct thrust of the nozzle:

prev = RreVRnozzle +G/g-V,

where G/g is the mass air expenditure through the engine;
V is air speed of aircraft.

Substituting the nozzle thrust for the thrust of the engine P and the
input momentum, we get

Vq]’ﬁ
(ZQ]Q

V. (1.1)

In calculations we will assume that the reversal coefficient i;ev when

V varies from landing speed to halting of aircraft will not depend on the air-
craft flight velocity and will equal the reversal coefficient when V = 0 and
for the corresponding engine rpm.

Let us denote the ratio of the engine thrust in the landing run P to the
thrust when running in a fixed position P0 by f1 = P/PO, and air expenditure

/15



through the engine close to the earth as the function of the M number in the
landing run will be represented with the aid of the function f2 = G/GO, where

G0 = expenditure of air through the engine when running in place.

Substituting the corresponding expressions into equation (1.1), we final-
ly obtain for the negative thrust of the engine

_ G0 v \E 4%
Reey = (PofiH 2 SV )R+ fV, (1.2)

~

where the right-hand member depends only on the landing velocity of the air-
craft.

In addition, the force of aerodynamic resistance will operate on the air-
craft in the landing run

x=222g

and the force of friction

F=p(Q — Sygg? S),

aerodynamic coefficients of resistance and 1lift;

where c_, c
Ty

density of air;

wing span area of the aircraft;

weight of aircraft upon landing;

coefficient of friction.

o]
S
Q
u

We will write the equation of the motion of the aircraft upon landing in
the following form:

Q dV__ - L
g dt =X+F Prev . (1.3)

After substituting expressions for X, F and prev into equation (1.3) and

several transformations, we get the acceleration X of the aircraft as a func-
tion of its flight velocity

10



8

- 5 7 AHV(R +1)] NE 1
X=P Rl e — —_— 1,
og[ferev% PO:pec.g J- ¢y g(K .u)+. g,

#hers K = Cy/cx = aerodynamic characteristic of aircraft in landing run;
P = PO/Q = thrust-to-weight ratio of aircraft, that is, the ratio of
the engine thrust to aircraft weight;
P = PO/GO = specific thrust of engine, that is, the thrust of the /14
specific

engine related to the air passing through the engine;
Q = Q/S = specific wing loading.

The landing run distance for the aircraft upon landing at a velocity
Vlanding up to complete stop
v :
1Tandin %
L:y 9 rdv
x (1.4)

0

Knowing the characteristics of the engine and the aircraft in landing it
is easy to determine the landing run distance by numerically integrating equa-
tion (1.4). If functions fl and f2 vary slightly with change in velocity from
Vlanding to zero and if they can be substituted by average values for the land-
ing run, then equation (1.4) can be integrated analytically

1 AV%*“BVH> 2B ViV B2 TIAC
=——1\1Inll- e e T Arth T el
ngi[ ( i o) | V B2-T4AC Ar —QC BV | (1.5)
where for brevity, it is denoted:
cyQ 1 pofz —
() e n e )
_ Ospecific rev
C=P.f —
0 laverage Rrev + u,
VH = velocity of aircraft at the moment that the reverser and brakes are
switched on.
) Arth Ve v/ B2"4AC
Expanding in the series r ]QQ(ch-BV”) and retaining only the

first member of the series, we arrive at an approximational formula for

11



calculating the aircraft landing run dibktance:

=L [m ( s V*’) _ 2BV
2gA c 2C4+8Vy |

(1.6)

If the brakes and reverser are switched on not at the moment of landing at

Vlanding’ but after the aircraft has slowed down to some velocity or the

devices are not switched on simultaneously, the interval in which equation
(1.4) is integrated must be divided up into the appropriate subintervals

Y ovav | Pvav
L= —”—+J a

v, :{'1 b :"Cz ’ (1.7)
where, for example, V2 = velocity at which the reverser is switched on; V1 = /17
= velocity at which the brakes are connected; §1, iz = slowing down of the air-

craft over the appropriate landing run sections.

Substituting mean values for the expressions fl’ f2, v, and K in each

integration interval and integrating by subintervals, we can obtain an approxi-
mational expression for calculating the landing distance run with high pre-
cision. Thus, in the case of two integration subintervals we obtain the fol-
lowing approximational expression for calculating the length of the aircraft
landing run:

[ 1 [ln Ci+BiVa+ AV 2B, (Vo—Vy)
284, Ci-FBlVi+ AVE 20,424, VoV + B(Vy+ V)
1.8
+— [m(l y BVt AV >_ 2B,V (1.8)
2gAs C 2Cy+ ByVy '

The results of calculation by the approximational formulas (1.6) and
(1.8) agree well with the results of calculation by the graphical method using
equations (1.4) and (1.7).

The results of the calculations of the aircraft landing run length by _
the graphical method for equation (1.4) for values of specific wing loading Q =
= 300 and 600 kg/m? are given in Figure 1.5 for different thrust-to-weight

ratios.

The values of the function fl were taken from the study [6] for the com-

. * -
pressor compression exponent ﬁcompressor 8 and the temperature ahead of the
turbine 1,200°K. The function f2 in the velocity range from Vlanding to zero

can be written, to the first approximation as £, = (1 + 0.2M2)2.5 |
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The 1lift coefficient cy is taken as equal to unity. The landing run

distance does not include the section of the aircraft landing run from the

touchdown point (V . ) to the moment the reverser and brakes are switched
landing

on (VH), which for modern aircraft can amount to 200-300 m.

It is clear from Figure 1.5 that thrust reversal will lead to a sharp re-
duction in landing run distance, and from 60-80% of this reduction compared to
the landing run distance when braking solely with wheel brakes will be attained
for a reverse coefficient equal to about 0.6.

The greatest effect on
Lm - the efficiency in turbojet
\ engine thrust reversing in the
) landing run is exerted by the
\ thrust-to-weight ratio of the

aircraft, an increase in the
. latter resulting in greater
i \\ reverse efficiency. For a

2000

reversal coefficient R =
reverse

\ : ——
= 0.6, Q = 300 kg/m?, and
1500 \\ \ - R - . . ] Q g

\ | 5b = 0.4, the landing run dis-
\ . tance owing to thrust reversal
N Q\\\\\ will be reduced by 58%, and
N N N U N . for Py = 0.8, by 75% compared
AN §\§\ \QEE: with the landing run distance
N :T:::\\\\: when only wheel brakes are
R used. Variation in the aero-
AN SN N 061 3=600kg/M? dynamic characteristics of the
500 S S Ly aircraft has but a slight

—04) _ 2 effect on landing run distance.
T~ ] 5 .0g Q=300kg/M
o0~ Y

From the foregoing example
e . ] R B of calculating the landing
0 025 s 475 Reey run distance of an aircraft in
the event of landing on an
iced-over airport, landing on
ice, or malfunctioning of
wheel brakes (u = 0.02) it is
also clear that thrust rever-
sal is a highly effective

Figure 1.5. Aircraft Landing Run Distance
as a Function of Reverse Coefficient for
Specific Wing Loading Q = 300 and 600 kg/
m? and for Different Thrust-to-Weight

Ratios PO: ———, Aircraft Characteris- means of braking. Even for a
tic K= 7, Friction Coefficient u = 0.2; reversal coefficient Rrev =
"""" » K=5,1=0.2; — . — . —, 0.1, landing run distance is

13

/18



not greater than when the aircraft is braked under normal conditions just with
wheel brakes, that is, when Rrev = 0.

Thrust Reversal in Flight

Thrust reversal of an engine can also prove to be an effective means of
braking an aircraft in flight, thus facilitating maneuvering of the aircraft /19
at high velocities, and reducing the time required for braking the aircraft -
down to landing speed.

At the present time brake flaps are used in braking an aircraft in flight
when maneuvering. However, design-wise it is an involved problem to locate
flaps with an area of more than 5-7% of wing area on an aircraft. Therefore,
the overload they produce nflap = Xflap/Q’ that is, the ratio of the force

acting on the flaps to the aircraft weight, can with increasing thrust-to-weight
ratio of the aircraft prove to be less than the overload that can be produced
by using engine thrust reversal.

The expression for the negative thrust produced by an engine in flight
differs from the corresponding expression for the landing run by the fact that
the former takes into account thrust and air consumption as a function of alti-
tude and flight velocity:

—P R Go° inlet —
Prev pollere'\];lf3 T g S/ (Rpeyt 1) Ma,

where f3 = engine thrust as a function of altitude;

f4 = air consumption as a function of altitude;

]

flight Mach number;

velocity of sound at the given altitude;

Oinlet - coefficient of pressure recovery at engine inlet.

The function f, at constant engine xpm [6] is approximately equal to the

4
ratio of the density p at the given altitude to the density Py at sea level

£
£

3
what more slowly than air consumption).

47 A = p/po. For simplicity, we can assume to the first approximation that

f4 (actually up to the altitude H = 11 km engine thrust is reduced some-

When taking into account thrust as a function of altitude, the overload
produced by engine equipped with thrust reversers

14



P.lAR. 7 Macjin]et — )
n =P I EACIRE L LA N 1) o] A.
v 0 [ R+ 2]A- .

e rev POSDecific d rev (1.9

The overload produced by means of flaps as a function of altitude and
flight velocity can be represented by the following formula

kM2 T (1.10)
nflap = 2Q S flap Pol To’
where p, and T, = pressure and temperature at sea level;
Sflap = ratio of flap area to wing area;
k = CP/CV = ratio of specific heat capacities.

Equating expressions (1.9) and (1.10), we can find the value of the /20
thrust-to-weight ratio PO* , at which the equalltz_nreverse = nflap is satis-
fied as a function of M number and specific load Q:

L.
A AL
) ~ Ma(R I (1.11)
QQLﬂRred— a(Rrev * ])Ginletlﬁ]
5 ~
Ospecific g

When PO > 5b , turbojet engine thrust reversal is a more effective means
*

of braking than brake flaps. For ﬁb < PO brake flaps are more effective. If
*

we consider that the coefficient of pressure recovery in the air intake for

M > 1 depends on the M number approximately as 1/ vM , then from analysis of
expression (1.11) it follows that when M >~ 0 and M -~ « the value P0 - 0, that

f— —_ pa— *
is, PO = f(M) has a maximum. Consequently, when P < P brake flaps have
* 0 0,max

the edge only im a certain range of M numbers,.

This is graphically shown in Figure 1.6 where the results of calculating

PO as a function of M number are presented by way of example. An increase in
*

the specific wing loading and in the flight altitude leads to a reduction in

the thrust-to-weight ratio beginning with which thrust reversal becomes a more

effective means of braking then brake flaps. The values of the functions f1

and P have been borrowed from data in the study [6] when =% =

specific COmpTressor
= 8 and the temperature forward of the turbine is 1,200°K.
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FPox Thus, turbojet engine
N N thrust reversal can substant-
08 ////’ N a-300kg/m? ially reduce the landing run
,/'——\\\7 distance of an aircraft after
/ \\ landing and improve its man-
0.6 /// S~ euvering characteristics in
/ . 2 flight.
SR /0 e e S S L
/ ~ \\\:7\\ .
/ /(fj ~<] §3. Requirements Placed on
02 78 - T Reversers
Y /A
/ “2
I I The first requirement
g 08 16 24 M, placed on a reverser is that it
ensure the desired reverse co-
Figure 1.6. Thrust-to-Weight Ratio, Be- efficient, which is the main
ginning with its Value for which Thrust parameter. The required value
Reversal is More Effective than use of of the thrust reversal coef-
Braking Flaps, as a Function of Flight ficient can be determined by
M Number R = 0.6, S =0.07 m starting from the necessary
. re flap reduction in landing run dis-
(The Solid Curves Represent Values Close tance for the aircraft when
to the Ground Level, the Dashed Lines landing. We can take as the
Represent Those at an Altitude of 11 km.) minimum value of the reverse

coefficient the value at which

the landing run distance upon

landing under unfavorable
winter conditions (iced-over runways, landing on ice) using a reverser is re-
duced to the landing run distance under favorable summer conditions (dry run-
way) when the aircraft is braked with wheel brakes (without using the re-
verser).

§2 of this chapter, in analyzing calculated functions of aircraft landing
run length for landing, it was shown that when reversers are used the sizeable
reduction in landing run distance is attained already for reverse coefficients
equal to about 0.6. At larger values of ﬁ;ev the landing run distance de-

creases less appreciably. On the other hand, attaining higher values of the
reverse coefficient encounters certain difficulties. In actual practice re-
versers with a reverse coefficient greater than 0.5 are not used (See Table 1).

The reverser, generally speaking, must not have an effect on the normal
functioning of the turbo compressor group of the engine when switching on a
reverser the pressure and temperature of gases aft of the turbine must remain
unchanged. This requirement is satisfied by choosing the minimum passageway
sections of the deflecting elements of the reverser to be of such dimensions
that when the over-all consumption of gases through them and through the jet
nozzle (when there is an overloading of part of the gases in the straight flow

direction) for “;ozzle = const will be equal to the consumption for the
straight thrust regime, that is, the consumption coefficient a;ev = Grev/
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is the consumption in reverse regime and G is the

(where G
Te nozzle

/Gnozzle v
consumption in straight thrust regime) must be equal to unity.

TABLE 1. BASIC DATA ON REVERSERS
Takeoff R Relative
Thrust, kg Weight

Type and Model
of Engine Company, Country

With throttling shutters and deflecting screens located ahead of
the exit section of the jet nozzle

Avon RA-29 Turbojet Rolls Royce,
Engine Great Britain 4,760 0.50 0.11
Conway Bypass Engine
RCo. 12 as above 7,945-8,165 0.50 0.14*
RCo. 42 as above 9,240 0.45 --
RCo. 43 as above 10,200 0.50 0.10
JT3C-6%* Turbojet Pratt-Whi tney,
Engine United States 5,080 0.40 --
CJ805-3 Turbojet General Electric,
Engine United States 5,285 0.50 0.14*

With shutters located at the exit cross-section of the jet nozzle

CJ805-23 Bypass General Electric,

Engine United States 7,300 0.5 0.14
TF33-P-7 Bypass Pratt-Whi tney,

Engine United States 9,525 0.45 --
JT3C-6%%* Turbojet as above 5,080 0.43 --
_ Engine. e - — e

A
by

with noise-suppressor

*%* the Boeing 707-120 Aircraft

**%% the Douglas DC-8.

Tr. Note: Commas indicate decimal points.

In actual practice, for design considerations it does not always appear

possible to satisfy the requirement G = 1 when =* = const for the
rev nozzle

nominal engine operating regime. However, usually there is the possibility of
switching on the reverser with a slight change in engine operating conditions.
Thus, we know that some reversers are switched on not at the rated engine rpm
setting, but at 95% of this value.

In reversers located ahead of the exit cross-section of the jet nozzle,
at the locations of contact of throttling members (for example, shutters) with
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the jet pipe gas losses through the gaps between them are inevitable, leading
to a loss in engine direct thrust. Sizeable loss of engine direct thrust can
also stem from the presence in the gas channel of the engine or parts of the
reverser. In several such schemes these losses can rise to 5%.

In reversers direct thrust losses must be at a minimum. From analyzing
experience of building reversers located ahead of the exit cross-section of
the jet nozzle it follows that direct thrust losses can be brought to 1%. In /23
rational schemes of reversers located aft of the exit cross-section of the jet
nozzle, as a rule there is no loss in direct thrust.

The following characteristics of the reverser must be satisfied as
specific requirements: reverse coefficients and consumption coefficients as
functions of the extent of pressure reduction and of the parameter determining
the position of the parts throttling the gas channel of the engine. The char-
acteristics of reversers must be smooth, without abrupt changes in direction
both in the transition from direct thrust to negative thrust, as well as vice
versa. A jump-like transition from direct to negative thrust with rotation
of vanes which serve to accomplish thrust reversal is noted in scheme VII
(cf. Figure 1.9), described in §4 of this chapter.

Choice of the scheme of the reverser and its construction are governed by
the conditions of its arrangement in the engine, and to a greater extent by
the conditions of engine placement on the aircraft.

Operation of reversers shows that gases from the reverser on reaching
the runway are reflected from it and enter the engine inlet, boosting the
temperature of the inlet flow and, as a consequence, compressor stalling. It
follows from experience that it is very difficult to altogether exclude in-
gestion of heated gases at the engine inlet, and in part impossible.
Incursion of gases at the engine inlet limits the operating time of the re-
verser. Therefore, an important condition for reliability of engine perform-
ance when the engine is fitted with the reverser is to organize the flow at
the exit from the deflecting elements of the reverser in such a way as would
cut down to a minimum ingestion of heated gases at engine inlet.

Failure to satisfy this requirement can place the engine in hazard of
an accident. Thus, for example, in operation by the aircraft company TCA
(United States) of the Douglas DC-8 passenger airliners with four Conway
Bypass engines, upon landing with thrust reversal fractures were observed in
the sixth stage of the high pressure compressor of the external engines.
These fractures were caused by stalling, when gases from the reverser of the
inner engines entered the outer engine

1 Flight, 1961, No. 2737, p. 273. To avoid burdening the literature list with
a large number of notes containing individual items of information, the ref-
erences to these are given in the form of single line footnotes.
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The stream escaping from the reverser produces erosion on the surfdce
of the engine nacelle (under the streamn), as a consequence of which its front
part sticks to the streamlining (cf. Chapter V). To prevent the aircraft sur- /24
faces from being singed and contaminated when thrust reversal is in effect
the designs of the deflecting parts of the reversers are made so as to avoid
deflecting the front part of the stream (§5, Chapter 1). Heated gases from
the reverser must also not strike the chassis, wings, ailerons, and other
parts of the aircraft design. Experience shows that from the viewpoint of
" effect on design members of the aircraft thrust reversal does not represent
insurmountable difficulties.

The reverser must have minimum dimensions in weight. Ensuring minimum
weight of the reverser involves major design difficulties, since elements of
reverser design for modern turbojet engines undergo very heavy loads. The
dimensions of a reverser depend naturally on the magnitude of the necessary
reverse coefficient. As the angle of flow exit is reduced, the reverse co-
efficient is increased, however, here the minimum cross-sectional area of the
deflecting elements, (connecting pipes, screens) is also reduced. Therefore,
to obtain the required passage sections the length and weight of the reverser
are increased. Some optimal angles for exit of stream from the reverser at
which the length of the deflecting screen will prove to be at a minimum! cor-
responds to a specific reverse coefficient.

The relative weight of the reversers operating in foreign aviation is
approximately 12% of the engine weight, and together with the noise-suppressor
nozzle--approximately 14% (See Table 1). In designing reversers these figures
can be useful for orientation.

It is desirable to have high coefficients o, of full pressure recovery

2

in deflecting elements of reversers. An increase in 9, in deflecting elements

makes it possible for given gas consumption through the reverser to attain
high reverse coefficients and, vice versa for given reverse coefficient to be
limited to a lesser consumption of gas deflected in the reverse direction.

The latter fact simplifies efforts to control ingestion of heated gases at the
engine inlet., Increasing 9, also means reducing the dimensions in weight of

the reverser by reducing the dimensions both of the deflecting as well as of
the throttling parts of the reversers.

On the other hand, the requirement of compactness of reversers complicates
execution of the structures in which there would be no separation of flow and
no substantial losses in total pressure. Nonetheless, the present level of
o, ( 6, Chapter IV) makes it possible to attain practically the needed reverse /25

coefficient values in reversers of different types.

! This problem is taken up in greater detail in §2 of Chapter II.
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Taking into account the high aircraft velocity in landing, in order to
boost the effectiveness of braking ana to insure the possibility of the air-
craft's approach in the event of an'unsuccessful landing in the second circ-
ling, the time required to attain maximum negative thrust from complete direct
thrust, and vice versa, must be at a minimum. For present-day reversers the
switching time is not more than 1-2 sec, ( 5, Chapter I).

Investigations have shown that reducing the time from the moment the air-
craft touches down to obtaining full reverse thrust by 1 sec. is equivalent
to increasing the reverse coefficient by about 30% [46].

The reverser must not noticeably increase the lateral resistance of the
aircraft and must not have an effect on the stability of the aircraft in
normal flight. Present-day reversers satisfy this requirement. Reversers
located behind the exit cross-section of the jet nozzle have deflecting
(screens) or throttling and deflecting (shutters) elements housed in the.eng-
ine nacelle or the fuselage of the aircraft. Sometimes shutters of this type
of reverser are part of the structure of the engine nacelle or the fuselage
of the aircraft. In reversers with deflecting screens located ahead of the
exit cross-section of the jet nozzle, the screens sometimes are covered from
the outside by shutters placed flush with the cowling. However, for aircraft
with moderate flight velocity there is no particular need to cover the screens
from without, since with open-spaced screens, owing to the slight increase in
external resistance of the aircraft, there is no practical change in the flight
velocity of a heavy transport aircraft [45].

When one or several engines with reversers are installed on an aircraft,
in reverse regimes no asymmetrical thrust must be developed as the result of
which a pitching or yawing moment could be produced.

The reverser must ensure maximum safety and reliability in operation and
have adequate safety margin. Necessary protective attachments preventing
accidental pilot switching on of the reversers are provided for in the con-
trol drives of reversers. In fact the margin of safety of reversers must not
be less and in sometimes greater than the safety margin of the engine on which
they are installed.

When the reverser is turned on for landing in a glide regime, it is nec-
essary to partially reverse thrust. Therefore the reversers of engines in- /26
stalled on passenger and transport aircraft must have at least a three-
position device for elements regulating the size of direct and reverse thrust:
the first position corresponds to full direct thrust regime; the second to
the full damping of direct thrust or leaving it at a small value correspond-
ing to low throttle thrust; the third corresponds to maximum negative thrust
regime. The pilot switches from second to third regime at the moment of air-
craft touchdown (or in 2-3 seconds). For reversers switched on after air-
craft landing, a two-position control drive can prove adequate,

In all known designs of reversers exhaust of gases occurs always from
two sides of the engine (sometimes not wholly symmetrical), but throttling of
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the gas duct of the engine is carried out by two separate elements. If the
control drives for these throttling elements are made independent, then when

a different amount of gas is deflected in the reverse direction it will appear
possible to use the reverser also to control the aircraft from single engine,
for example, during landing on a slippery or ice-covered runway. In this case
the gas exhaust must follow a horizontal plane, that is, along the sides of
the aircraft, which can be easily done if the engine is placed in the fuselage.
When several engines are installed in the aircraft, the control forces can be
obtained by varying the engine operating regime.

Thus, when using a reverser to control an aircraft or to boost its man-
euverability (if the reverser is installed on a fighter engine) the control
drive must provide continuous, stepless regulation of negative thrust.

Thus, the following requirements are placed on reversers for turbojet
engines:

1. Attainment of the desired reverse coefficient.

2. Absence of any effect on normal functioning of the turbo compressor
group of the engine. Pressure and temperature of gases aft of the turbine
must remain unchanged. Losses in direct thrust of the engine when the revers-
er is switched off must not be greater than 1%.

3. The handling characteristics must be smooth, without jﬁmplike varia-
tion in thrust and gas consumption.

4. Minimum ingestion of heated gases into engine inlet and onto struc-
tural elements of the aircraft.

5. Minimum dimensions and weight.

6. The time required for converting from full positive thrust to full
negative must not be greater than 1-2 seconds.

7. Minimum increase in lateral resistance of the aircraft; there must
be no effect on aircraft stability in normal flight.

8. When one or several engines are installed on the aircraft, upon
switching reversers on, no asymmetrical thrust must be induced.

9. Insurance of maximum in safety and reliability in operation.

§4. Classification and Principles of Constructing Reversers and their General
Characteristics

Classification and Principles of Building Reversers

The first, most general classifying feature is the position of the re-
verser relative to the exit cross-section of the jet nozzle. The position of

21

b
¥
B

~
N
~1

|



the reverser determines not only the scheme and design implementation of the
reverser, but to a considerable extent its gas dynamics perfection. Reversers
placed forward of the exit cross-section of the gas nozzle will be called in
this book Type I reversers, and those placed aft of it Type II.

Any reverser scheme has two types of structural elements: throttling
elements whose purpose is covering the gas duct and partial rotation of the
exhaust, and deflecting elements decisively rotating the exhaust in the re-
verse direction at a given angle at the exhaust outlet. Sometimes throttling
and deflecting functions are fulfilled by the same structural elements.

Deflecting and throttling elements are located usually in direct proxi-
mity to each other. However, we know of schemes (XIII, Figure 1.7; III,
Figure 1.9), in which the throttling and deflective elements are found on dif-
ferent sides of the exit cross-section of the jet nozzle. Therefore, we must
take Type I reversers to include those in which the deflecting elements are
located forward of the exhaust cross-section of the jet nozzle.

The second and third classifying features are, respectively, the method
used in throttling the gas duct and the method of deflecting the duct in the
reverse direction.

Distinguishing features of most reversers of Types I and II that are
feasible in practice is the fact that in them throttling of the gas duct and
deflection of the stream is carried out by different structural elements. Such /2§
schemes differ in rational structural forms at fairly high gas dynamic per- T
fection.

Investigations have been made of schemes of reversers including elements
simultaneously serving throttling and deflecting functions (Schemes VII, VIII,
Figure 1.7;1, I1I, Figure 1.8), but they have not won wide acceptance. Such
schemes are usually less satisfactory designwise and exhibit poor gas dynamic
properties.

Mechanical methods of throttling the gas duct are usually used in revers-
ers of Types I and II: shutters in the form of semicylindrical surfaces of
different types--with location of the axis of rotation on or near the axis of
the jet pipe (Scheme I, Figure 1.7; I, Figure 1.8) or near the rear channels
of the deflecting screens located forward of the exhaust cross-section of the
jet nozzle (Scheme II, Figure 1.7), shutters in the form of separate flaps-
baffles that do not become coupled (Scheme IV, Figure 1.7). These shutters
in Type I reversers are installed in the direct thrust regime flush with the
jet pipe of the engine and do not introduce considerable losses in direct
thrust (Schemes I, II, III, IV and VIII, Figure 1.7). In Type II reversers
throttling shutters located over the jet tube or over the nozzle do not re-
sult in direct thrust losses (for example, Schemes I, II, and IV, Figure 1.8).
Throttling of the gas duct of the engine with the Type I reverser can also be
performed by a regulated jet nozzle (Scheme XII, Figure 1.7) or by a cluster
of shutters of the reverse regulated nozzle type (Scheme III, Figure 1.7).
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Thus, when the mechanical method of thirottling the gas ducts is used, the
throttling elements are located to the rear of the deflecting elements.

Other methods of throttling the gas duct can also be used in reversers.
Under the aerodynamic method of throttling the gas duct through slits in a
streamlined strut installed in the jet pipe, the release of compressed air
bled from aft of the compressor (Scheme I, Figure 1.9) is carried out per-
pendicular to the stream. This method, however, has not won acceptance owing
to the considerably high air consumption required for substantial sweeping of
the gas duct, low values of the reverse coefficient, and also because the
strut causes losses in direct thrust.

Intermediate between these methods is throttling of the gas duct by using
tilting vanes with symmetrical aerodynamic profile (Scheme X, Figure 1.7; III,
Figure 1.9). Located in the direct thrust regime along the stream, these
shutters in inverted position partially partition the gas ducts themselves,
but more profound throttling is attained by their deflection of the stream in /29
two directions and by thus reducing the effective passage cross-section of the
jet nozzle. This method can include throttling of the gas duct by shutters of
different types partitioning only partially in the gas duct reverse regime
(Schemes II and 1V, Figure 1.9).

A possible method of throttling the gas duct is deflecting the stream
under the action of centrifugal forces by rotating the stream using tilting
vanes with symmetrical aerodynamic profile installed in the jet pipe. However,
this original method (Scheme VI, Figure 1.9) owing to unsatisfactory reverser
characteristics has not found practical application.

Thus, in non-mechanical methods of throttling the gas duct the throttling
elements are located forward of the deflecting elements:

Profiled screens located directly in the engine jet pipe (for example,
Scheme I, Figure 1.7) or over it (for example, Scheme II, Figure 1.9) have won
acceptance as deflecting elements in reversers of both types. We also know
of Type I reversers in which the deflection of the stream is carried out by
separate connecting pipes (Scheme IV, Figure 1.7).

Under certain conditions of arrangement of an engine fitted with a Type
I reverser on an aircraft, a gas diverting channel can be placed between the
jet pipe of the engine with its installed deflecting screen and streamlining
of the fuselage (motor nacelle). An example of this design is described in
§5 of Chapter I (cf. Figure 1.12).

In reversers of type II, the role of the deflecting element is often
played by flaps (Scheme II, Figure 1.8).

In reversers of Types I and II, the above listed throttling and deflect-

ing elements can be rationally combined in various combinations. However,
schemes with wholly specific combinations of throttling and deflecting elements
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have found practical application in rewersers. Brief characterization of
known schemes is given in the next division of this section.

We must state that dividing structural elements of reversers into throt-
tling and deflecting sometimes is arbitrary, since the stream is deflected in
the reverse direction in some channels whose walls are formed by the throttl-
ing and deflecting elements.

The reversers of Type I can be divided also, in the fourth characteristic,
by the method by which the deflecting screens or connecting sleeves are
closed in the direct thrust regime. They are usually covered over by the /30
throttling elements. However, under certain arrangement conditions, for ex- ~
ample, when the throttling elements are located far from the deflecting ele-
ments, it is necessary to provide for closing over of the deflecting elements
using special parts. By way of an example, we can cite the variants of
Schemes X, XI and XII cited below, and also the referred-to Scheme XIII,
Figure 1.7, and several schemes of reversers of the nozzle with a central
body, examined in §2, Chapter IV. These reversers will inevitably prove to be
more complex in design and heavier in weight.

General Characteristics of Reversers

Below we consider schemes of reversers used in modern turbojet engines
in conjunction with a necked jet nozzle.

Reversers installed forward of the exhaust cross-section of the jet
nozzie (Figure 1.7)

Scheme I with two deflecting screens and cylindrical shutters has been
developed by the Rolls-Royce Company (Great Britain). When the reverser is
switched on, shutters cover the jet pipe and direct the thrust to the deflect-
ing screens. When the reverser is switched off, the shutters covering the
screen are positioned flush with the walls of the jet pipe and do not exert
resistance to the straightforward exiting of the stream. One characteristic
of this scheme is the fact that the resulting force of gas pressure on the
shutters passes along the axis of rotation of the shutters lying along the jet
pipe axis., Therefore, the moment required to rotate the shutters is consider-
ably less than in Scheme II. The scheme has been realized on engines pro-
duced by Rolls-Royce, Pratt-Whitney, and General Electric (United States). The

main parameters are as follows: reverse coefficient»Rrev’¥ 0.45-0.561, and

direct thrust losses when the reverser is switched off AR < 0.0l. A descrip-
tion of the design features of certain reversers of this scheme has been given
below, in §5 of this chapter. The sources are also indicated there. Some ex-
perimental data on a similar scheme has been presented in §2 of Chapter 1V,

Scheme II with two deflecting screens and cylindrical shutters differs
from Scheme I in the fact that the flaps rotate around an axis lying close to

! The values of R cited in this section refer to w* ~2.0.
rev nozzle
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the rear channels of the screen. The moment required to rotate the shutters
is greater under this scheme than under Scheme I. Some experimental data on

a similar scheme are given in §2 of Chapter IV (ﬁ;eva 0.63).
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Figure 1.7. Schemes of Reversers Located Aft of the Exit Cross-Section of the
Jet Nozzle: |, With Deflecting Screens (d.s.) and Cylindrical Throttling
Shutters (t.s.) with Axis of Rotation Along the Jet Pipe Axis; Il, With d.s.
and Cylindrical t.s. With Axes Along the Rear Channels of the Screens; |11,
With d.s. and t.s. of the Reverse Regulated Nozzle Type; IV, With Nonsymmetri-
cal Deflecting Connecting Pipes and Individual Small t.s. not Entering Into
Coupling; V, With Deflecting Vanes and Tilting Shutters Comprising Part of the
Jet Pipe; VI, With Hinged Shutters Constituting Part of the Jet Nozzle; VII,
With Bypass Shutters and Parallel Lateral Walls; VIil, With Bypass Cylindrical
Shutters; 1X, With Tilted Throttling Vanes and Bypass Cylindrical Shutters;

X, With d.s., Tilted Throttling Vanes, and Extensible Jet Pipes; XI, With d.s.
Throttling Tilted Vanes-Baffles and Extensible Jet Pipes; Xll, With d.s.,
Throttling Jet Nozzle, and Extensible Jet Pipes; X|1I, With Throttling Bucket
Shutters and Deflecting Screens Covering the Cylindrical Shutters Movable in
the Longitudinal Direction.

Scheme III with deflecting screens is characterized by throttling shutter
of the reverse controlled nozzle type. The possibilities of using such
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shutters for throttling the gas duct has been examined in §2 of Chapter IV,

o~

where experimental results based on this scheme are also given (ﬁ;eva 0.82).

Scheme IV has nonsymmetrical deflecting connecting pipes and individual /32
throttling shutters that do not enter into coupling. The emergence of this
scheme was caused by conditions of engine location on the aircraft (in the
fuselage) and in order to avoid injection of heated gases into the engine in-
let owing to the necessity of their nonsymmetrical exiting. 1In testing a

model , Rrev ~0.5. A reverser of this scheme with symmetrical exhaust of

streams installed on the engine had R___~ 0.5; AR~ 0.01 (when B = 40°).
rev vane

The relative weight was 0.12. The results of model tests are given in §3 of

Chapter IV.

Scheme V, developed by NASA (United States) has two series of deflecting
vanes located along the tiltable shutters which are part of the engine jet
pipe. In the direct thrust regime the vanes are located one behind the other,
forming a stack that lies in the gas stream. Direct thrust losses amount to
about 2%. When the reverser is switched on the vanes are tilted together with

the shutters. When 8 = 50°, the value R up to 0.6 is attained. The
vane Tev

design of the reverser of this scheme has been developed for the turbojet
engine used in the fighter Republic F-84 "Thunderjet', which lands with use of

a reverser!.

Scheme VI with hinged shutters constituting part of the jet pipe, design-
wise is simple and easily allowed for in the over-all dimensions of the engine
This scheme is similar to Scheme V, differing from it in the absence of de-
flecting vanes. The relative weight of the reverser must be comparatively
small, since its design makes use of part of the jet nozzle. According to the
data of the Fairchild Corporation (United States), the design thrust reverse
coefficient is 0.4%2., There are no design developments and experimental veri-
fication of this scheme.

Scheme VII with bypass shutters and parallel lateral walls, as indicated
in the introduction, has been implemented in an actual structure tested on an
engine under stand conditions.

The reverser built under this scheme has a relatively simple design of
working parts, however, owing to the rectilinear shape of the nozzle it is not
covered conveniently within the over-all dimensions of the engine. Recti-
linear-shaped nozzles are technologically unprogressive and warp in engine

! pmerican Aviation, 1954, 21/VI, Vol. 18, No. 2, p. 21, 10/Vv, Vol. 17, No., 25,
p. 20, 1954,
Interavia, 15/IV, No. 2947, 1954.

2 pmevican Aviation, Vol. 17, No. 25; Vol. 18, No. 2, 1954,
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operation. The efficiency of the jet mozzle that is of square cross-section
is lewer than that of a round nozzle. 1In stand tests with different shutters

(Figures 1.2, 1.4, Position II), values bf-ﬁ;ev = 0.12-0.24, were obtained, /33

with direct thrust losses up to 4.5% with the reverser not switched on.

Scheme VIII with bypass cylindrical shutters has a round cross-section
jet nozzle. In model tests the value Rrev = 0.46 was obtained. One failing

of this method is that the shutters occupy much of the surface of the jet pipe
and reduced its rigidity. Owing to this shortcoming the scheme has not been
given further design development.

Scheme IX with throttling tiltable vanes and bypass cylindrical shutters
differs from Scheme VIII by the presence of tiltable throttling vanes with
aerodynamic profile. In the direct thrust regime the vanes are placed along
the stream. Installation of the vanes in the stream leads to up to 2% losses

of engine direct thrust. In tests RreV = 0.55 obtained.

Scheme X with tiltable throttling vanes and extensible jet pipes with de-
flecting screens installed in it.

In the direct thrust regime vanes with aerodynamic profiles are position-
ed as in Scheme IX, along the stream. Direct thrust losses rise to 4.5%.
When the reverser is switched on, the jet pipe is shifted, the vanes are tilt-
ed, the gas duct is partially throttled, and the stream is directed onto the
screens. From data of model studies (§4, Chapter IV) a reverse coefficient of
up to 0.5 can be obtained for this scheme.

Scheme XI with deflecting screens, throttling tiltable vanes-baffles, and
extensible jet tubes differs from Scheme X by the fact that the vanes-baffles
almost completely partition the gas ducts in thrust reversair. This scheme,
owing to fuller throttling of the gas duct, can have higher reverse coef-
ficients than Scheme X, approximately the same as those that characterize
Scheme II. However, in the direct thrust regime the large vanes-slide gates
present in the stream inevitably lead to more perceptible losses in direct
thrust than in Scheme X.

Scheme XII with deflecting screens, throttling the jet nozzle, and an
extensible jet pipe is characterized by the fact that it has relatively un-
involved structure of working elements and is easily managed within the over-
all dimensions of the engine. Elongated shutters of an ordinary regulated jet
nozzle are used for throttling. When the reverser is switched off, the jet
nozzle connecting to the screens rests on the butt end of the jet pipe, but
the screens extend across the pipe. Since there are no working parts in the
stream, the reverser cannot effect the direct thrust produced by the engine. 24
Experimental investigations on models have shown that the reverse coefficient ~
for this scheme when Bvane = 40° is approximately 0.4 ( §3, Chapter IV).
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Variants of Schemes X, XI and XII can be implemented without an exten-
sible jet tube, which obv1ously compllﬁates and weighs down the design. 1In-
terior or external cylindrical flaps With longitudinal dlsplacement along the
engine axis (Scheme XIII) or made to tilt about the engine axis (sllde type)
can be provided to cover screens in direct thrust regime. These methods of
covering screens are shown in Figure 4.14 where the possible schemes of a
reverser in a nozzle fitted with a central body are examined (§2, Chupter IV).
Cylindrical flaps can hinge backward, as has been done in covering ports in
engine nacelles and the fuselage of the Boeing 727 (cf. §5 of this chapter).
The screens can also be covered by individual louver type flaps opening with-
in the jet pipe of the engine or into the exterior outside the aircraft.
Several schemes of reversers installed in the nozzle with a central body fit-
ted with the first of these louver types have been investigated. The results
of model tests are given in §2 of Chapter IV. A design using other louvers
has been executed and is described in §5 of this chapter.

Scheme XIII with throttling bucket shutters located aft of the exit cross
section of the jet nozzle and with deflecting screens located on the jet pipe
of the engine forward of the jet nozzle. In the direct thrust regime the de-
flecting screens are closed by cylindrical shutters which are capable of long-
itudinal displacement. The scheme belongs in the class of one of the earlier
designs for reversers and is marked by high weight [27].

The variants of Schemes X, XI, XII and Scheme XIII examined below are
examples of reversers in which the throttling of the gas ducts and closing of
the deflecting elements in the direct thrust regime is carried out by differ-
ent parts of the assembly.

Reversers Installed Aft of the Jet Nozzle Exit
Reversers with shutters (Figure 1.8).

Scheme I with shiftable, tiltable cylindrical shuttexs is one of the sim-
plest. The shutters are relatively easily encompassed within the over-all
dimensions of the engine nacelle. The over-all length of the engine fitted
with a reverser under this scheme, as is true for most schemes of reversers /35
located aft of the jet nozzle exit, is increased in the reverse regime. T

Experimental verification on models (81 and 3 of Chapter IV) have shown
that reversers of this scheme can have high reverse coefficients (R ov = 0.5-

0.6).

Scheme II with tiltable shutters and deflecting flaps is suggestive of
Scheme I in the method of screen deflection. However, in this scheme shutters
constitute a hinged part of the engine nacelle and have additional deflecting
tiltable flaps. Scheme Ila (R rev - 0.5) has actually been built by General

Electric Company (United States). A description of the reverser design of
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this company is given in the next section. A similar scheme (Rrev:w 0.6) was

tested on a Curtiss-Wright (United States) engine!l

=h Ei= e e |
",z< E}»-«* .—» B&

Figure 1.8. Reversers with Shutters Located Aft of the Jet Nozzle Exit; I,
with Shiftable, Tiltable Cylindrical Flaps; Il, with Tiltable Flaps and De-
flecting Flaps; Ill, with Hinged Spherical Flaps; IV, with Ejector and Spher-
ical Flaps.

Variant b of Scheme II differs in the angle o of the shutter inclination.
From model tests data its reverse coefficient for a small enough angle of

stream exit B = 15° and o = 85° is R ~0.68-0.74 (81, Chapter IV). The
vane rev

reverser of this scheme with angles Bvane = 48° and o = 55°, tested by Boeing

(United States) on models, has ﬁ;ev = 0.5%2. A similar scheme has been reali-
zed in the bypass Pratt-Whitney JT8D-5 engine3 on a Douglas DC-9 (ﬁ;ev =
0.40-0.45).

Scheme III with hinged spherical shutters was actually built (cf. Figure
1.1) and has undergone stand tests on an engine Rrev ~ 0.35-0.4).

Scheme IV with an ejector has spherical shutters which in thrust reversal
direct the stream to the ejector ports. In direct thrust regimes the ports /36
are covered by the very same shutters. If a fixed ejector is used, the over-
all length of the engine in reverse regimes remains unchanged. A similar
scheme [32] has found use on the Douglas DC-8 (United States) (R rev = 0.43).

1 Aviation Week, 11/I11, Vol. 66, No. 10, p. 43, 1957.
2 Flight, 30/IV, No. 2362, pp. 540-541, 1954,
Interavia, Vol. XX, No. 6, p. 726, 1965,
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Reversers with deflecting screens (Figure 1.9)

7
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Figure 1.9. Schemes of Reversers With Deflecting Screens Located Aft of the
Jet Nozzle Exit: |, with Fixed Deflecting Screens (d.s.) and Blow-through of
Air Through Fairing in the Nozzle; Il, with Movable d.s. and Tiltable Throt-
tling Shutters; |11, with Movable d.s. and Tiltable Vanes; IV, with Annular
Tiltable Throttling Shutters and Movable d.s. (Variant a) and with Fixed d.s.
(Variant b); V, with Movable-Screens and Hinged Cylindrical Shutters; VI, with
Movable Screens and Vanes Rotating the Exhaust Stream.

Scheme I developed by the amalgamation SNECMA (France), has fixed de-
flecting screens and fairing installed in the jet nozzle through whose slits
air bled aft of the engine compressor is swept. The presence of fairing in
the nozzle leads to direct thrust losses up to 4%. With 2-3% air bleeding,
in this scheme the reverse coefficients can amount to 0.3.

Flight tests of reversers of this scheme on the Vampire aircraft made by
De Havilland (Great Britain) have been conducted by the company. A modifica-
tion of this scheme has shiftable deflecting screens [34].

Scheme II with shiftable screens and two tiltable throttling shutters,
developed by Aerojet General (United States), is an advanced version of Scheme
I. When the reverser is switched off, the shutters lie flush with the annular
flaps covering the sides of the screen, and in reverse regimes they are tilted
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along their axes and partition the gasi duct, compelling the stream to be
deflected to the screens.!

Scheme III developed by the amalgamation SNECMA (France), with shiftable
deflecting screens has tiltable vanes with aerodynamic profile, which serve
to deflect the stream to the screens. With the reverser switched off, the
vanes remaining in the stream exert an effect on engine direct thrust. Based

on SNECMA data, the reverser built under this scheme has Rrev = 0.20 and
AR =~ 0,032

Scheme 1V, developed by the amalgamation SNECMA (France) is character-
ized by deflecting screens and two annular tiltable throttling shutters. When
the version a reverser is switched off, the shutters lie along the periphery
of the ejector fitting and do not block the straight flow exit of the streanm.
When the reverser is switched on, the rear of the ejector and the screens
associated with it are shifted, the shutters are tilted by 90°, the ejector
fitting is partially covered, and the stream is deflected to the screens. The
reverser of this version of the scheme, according to SNECMA data, has a re-
verse coefficient of 0.53.

Variant b of Scheme IV, differing in its fixed deflecting screens (ﬁ;e =

v
= 0.4-0.5), is being developed by SNECMA for the power plant in the Anglo
French supersonic Concord airliner [27].

Scheme V with movable screens and hinged cylindrical shutters was experi-
mentally verified on models (Rrev = 0.40). When not functioning, the reverser

doesn't have any effect on engine parameters. As preliminary design develop-
ments have shown, this scheme is easily fitted into the middle of the engine
nacelle or the fuselage.

Scheme VI with movable screens and exhaust-rotating vanes can be relative-
ly easily fitted into the middle of the engine nacelle or the fuselage. The
scheme has been developed and investigated in the Swiss Technological Institute
[31]. Key shortcomings of the scheme include the severe effect of the reverser
on pressure aft of the turbine in that it shows a characteristic with respect
to the vane tilting angle with a jumplike variation in thrust. Thus, tests of
numerous models have shown that when the vanes are rotated by an angle ranging
from 0° to 50° the thrust remains positive. At large vane tilting angles the
thrust becomes negative with a simultaneous abrupt climb in pressure aft of
the turbine. The values of the reverse coefficient are 0.5-0.8. The smallest
value of direct thrust losses is an impressive figure--10%.

L Jet Propulsion, IV, Vol. 25, No. 4, 1955,
2 peroplane, Vol. 89, No. 2293, 1955.
3 Les Ailes, No. 1887, p. 9, 1962.
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§5. Description of Reverser Designs

Arrangements of reversers on aircraft are marked by diversity. Reversers
located forward of the jet nozzle exit are part of the engine assembly and are
made in the form of a separate compartment of the jet pipe, aft of which the
noise suppressor is easily installed.

Reversers located aft of the jet nozzle exit in the form of flapwise
structures are constructed as hinged parts of the aircraft fuselage or the
engine nacelle.

When engines are installed on an aircraft in the wings close to the fuse-
lage or on pylons along the fuselage sides, flaps of the reversers located aft
of the jet nozzle exit can be reinforced directly on the fuselage (Figure
1.10). The reverser is automatically placed aft of the engine's jet nozzles
when there is compression of the aircraft landing strut shock absorbers follow
ing contact with the runway and throttling of the engines!.

Reversers on the turbojet Rolls-Royce
"Avon'" and the bypass engine '"Conway" (Great
Britain), installed on airliners of De
Havilland (Great Britain) ''Comet" and Boeing
707 (United States), BAC VC-10, and BAC ''Super
VC-10" (Great Britain) have been executed,
respectively, following the same scheme and
differ in minor details. The design of re-
versers used in these engines is character-
ized by several interesting engineering solu-
tions. The main assemblies--the reverser
housing ‘(made of the alloy Nimonic), the
throttling shutters and the deflecting scre-
ens--are fabricated in welded form.

Throttling shutters 1 (Figure 1.11, a,
b) are made of seamless sheet. The stiffness
ribs 2 on the outer surface of the shutters
are heated by the hot exhaust gases passing
through them, emerging through open-
ings in the upper side of the shut-
ters and emitted at that point
through the deflecting screens. The
shutters have shoulders 3 and 4 in
the form of flat semicircles which
in direct thrust and reverse regimes
abut against the corresponding gas-
ket rings 5 and 6 of the housing. No special gaskets are provided for, for
the surfaces of the shutter shoulders and housing semicircles in contact are

Figure 1.10. Reverser on the Bypass
Engine Turbomek "Obisk' (740 kg Thrust)
on the Military-Training Aircraft SAAB
105 (Sweden).

rnteravia Review, No. 12, p. 1,804, 1964.
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processed mechanically. The front semicircles of the housing have an elastic
reinforcement 7. The screen vanes are made of sheet material and are located
in chessboard fashion (Figure 1.11 c¢). Thermal expansion of the deflecting
screen is compensated by deformation of the supporting struts 8 in the rear of
the screen.

Figure 1.11. Reverser Used with Rolls'Royce Turbojet Engine and Bypass Engine.
(a, Design Layout; b, Throttling Shutter; ¢, Deflecting Screen): 1, Throttling
Shutter; 2, Rigidity Rib; 3, Front Gasket Shoulder; 4, Rear Gasket Shoulder;

5, Front Housing Semicircle; 6, Rear Housing Semicircle; 7, Elastic Reinforce-

ment; 8, Maintenance Support; 9, Aperture.

Special "dry" antifriction roller bearings functioning without lubricant /40
and cooling at temperatures up to 600°C have been developed for reversers. T
Slipping bearings have also been investigated in the course of work with the
reverser. However, they have been rejected owing to large frictional resistance
which would lead to weighing down the control drive.

The shutters are secured by their flanges on two coaxial pivots between
which two ball bearings are situated. The outer pivot rotates on ball bearings
placed in the housing. To simplify the design, the rotational moment is trans-
mitted to the shutters not through the pins: the outer pin is covered by
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bushings, each of which has a two-arm ﬂever; one arm of each of the levers is
within the housing and a pin projecting from one end enters the aperture 9

{cf. Figure 1.11, b) in the lug on the .shutter, and the other arm of the lever
connects with a rod of the control drive system ("Avon'" engine, Figure 1.12) /41
or with the rods of the pneumatic cylinders ("Conway' engine). T

Pneumatic cylinders in
which air bled from the com-
pressor is fed are used in
the drive controlling the
shutters, affording a two-
position placement of the
shutters. The lever system
of the drive is capable of
developing great leverage
even in high-cruise regime
~#hen the air pressure avail-
able is low.

As a whole, the struc-
tures of Rolls-Royce revers-
ers, ensuring reverse coef-

Figure 1.12. Reverser of the Rolls-Royce ficients within the limits
"Avon'' Turbojet Engine Built for Instal- of 0.45-0.56, are marked by
lation on the Engine. compactness. Their relative

weight is 0.10 (cf. Table 1)

and direct thrust losses are
not greater than 0.75%. The photograph above shows the reverser used on the
"Avon' engine (cf. Figure 1.12), where we can see the pneumatic cylinder, the
lever system of the drive, the heated-insulating coating, and the exhaust chan
nel of the reverser.

Control systems exclude the possibility of switching on reversers owing
to pilot error. On the '"Comet" aircraft with four "Avon'' engines, located in
the wings, the levers used to control reversers installed on the other engines
have such an arrangement that their movement is possible only in low-throttle
regimes. On the Boeing 707 aircraft, in which all the four '"Conway' engines
installed in the underslung engine nacelles are equipped with reversers, each
main lever of thrust control is equipped with an additional lever for control /42
of the reverser that lies within pilot reach only in the case when the main
lever is shifted to the low-throttle position.

Drives used in controlling thrust produced by engines fitted with re-
versers are made in such a way that the possibiltiy of increasing engine rpm

when reversers are switched on is obviated [25].

Figure 1.13 presents a design scheme of a reverser used on the 'Spay"
RB-163 Rolls-Royce bypass engine (flight thrust 4,560-5,170 kg), installed on
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the airliners Hawker Siddeley HS-121 "Trident' and the BAC 1.111 (Great

Britain) and on the Grumman administrative aircraft "Gulfstream' II (United
States).

The reverser used on the Pratt-Whitney JT3C-6 turbojet engine (United
States, thrust 5,080 kg), installed on the Boeing 707-120 airliner in under-
slung engine nacelles on all four engines, was built according to the same
scheme as the one used by Rolls-Royce (Rrev = 0.40). The screen is made of

individual sections (Figure 1.14). The vanes of the screen are nonprofiled,
nade of stainless steel sheet. The width of the central sections is 114 mm,
and the rest 76 mm. The chord of the vanes is about 60 mm in length. The
vanes are curved at the stream inlet. The angle of vane placement in the rear
Of the screen is constant (approximately 2/3 of the screen length), but is
variable in the front section. The first two vanes are built without bends
and are installed perxpendicular to the engine axis. This screen design, as
vell as the individual flaps covering the screen from without and visible in
“he photograph, reduced to permissible limits the ingestion of heated gases at

-he engine inlet and on the structural members of the aircraft. Screen density
s about 2.0.

Pilot instructions provide for switching on the reverser only after the
10se wheel of the aircraft has touched ground. At an aircraft velocity greater
han 110 km/hr, thrust reversal is carried out when the number of rpm of the
iigh-pressure compressor rotor is not greater than 90% of the rated value.

'hen the velocity is reduced to 110 km/hr, the negative thrust is brought down

‘0 a value corresponding to ";ozzle = 1.5. This negative thrust setting is

ept until the aircraft comes to a full halt?.

The reverser used on all the Pratt-Whitney JT8D-1 bypass engines instal-
ed on the Boeing 727 consist of throttling internal shutters similar to those
sed on the reversers described for the Rolls-Royce engines and their associa-
ed mechanically external shutters, forming in the direct thrust regime the /44
urface of the engine nacelle(Figure 1.15). For the central engine installed
n the rear of the aircraft fuselage, deflection of gases occurs in the hori-
ontal plane, and for the two engines located on pylons along the aircraft
ides--upwards and downwards3,

Figure 1.16 shows a photograph of shutter type reversers located aft of
he jet nozzle of the Pratt-Whitney JT12A-A6 turbojet engines (thrust 1,360 kg). /45
he shutters are hinged parts of the engine nacelle. On the service aircraft
ockheed "Jet-Star' 329 (United States) all four engines installed on pylons
n the rear section of the fuselage are fitted with these reversers [37].

Aireraft Engineering, No. 395, pp. 7-11, 1962.
Aviation Week, X, Vol. 81, No. 19, pp. 5 53, 1964.
Flight, 7/XII, No. 2752, 1961; V, No.2826, pp. 681-682, 687-688, 1963,
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Figure 1.13. Design Layout of Reverser Used on the Rolls-Royce ''Spay'' Bypass
Engine: 1, Assembly Flange; 2, Lifting Gear; 3, Distribution Tubing for Air;
L,-Switch; 5, Lever of Control Relay; 6, Pneumatic Cylinders; 7, Locking Mech-
anism; 8, Floating Lever; 9, Control Lever; 10, Control Valve; 11, Bypass
Valve for Pressure Reduction; 12, Throttling Shutters; 13, Rigidity Corruga-
tions; 14, Front Semicircle of Housing; 15, Gasket; 16, Assembly Flange; 17,
Screen Vanes; 18, Release Valve Wall; 19, Fairing Ring; 20, Air Tubing; 21,
Direct Thrust Regime; 22, Thrust Reversal Regime.
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Interest has centered on the
Pratt-Whitney JT3D-1 bypass engine
(thrust 7,700 kg), in which the
reversers are provided for both
engine passes. These engines are
installed in underslung engine na-
celles on the airliners Douglas DC-
-8-50 "Jetliner" (United States)!
and Boeing 707-120BZ.

Throttling of the gas duct of
the internal engine pass is provided
by tilting vanes. The stream of the
internal and external passes is de-
flected in the reverse direction by
profiled screens. When the thrust
is reversed on these aircraft by the
covering screen of the internal pass,
the housing of the engine nacelle is
shifted downward along the stream-
line with the aid of a pneumatic
drive, uncovering the shutters
(Figure 1.17).

On the bypass engine used on
the DC-8-50 aircraft cold air from
a two-step fan in the direct thrust
regime is issued through two ports
that are crescent-shaped and located
along both sides of the engine
nacelle; on the Boeing 707-120B air
from the fan is issued along the
periphery. On the DC-8-50 aircraft

Figure 1.14. External Appearance of
Reverser and Noise Suppressor Used on

the Pratt-Whitney JT3C-6 Turbojet .
Engine (a). Housing of Reverser Fitted the external pass screens in the

with Deflecting Screens and Throttling direct thrust regime are covered by
Shutters (b) the external tilting vanes (louvers)

located in the longitudinal direc-

tion. On the Boeing 707-120B these
screens are covered by being shifted backwards by the engine nacelle housing.
This housing is mechanically connected with the throttling vanes and is shifted
simultaneously with their actuation.

The necessity for deflection of the outer pass thrust in the reverse di-
rection in thrust reversal stems from the fact that direct thrust obtained by
air escaping from the fan represents almost half of the over-all engine thrust.

! Interavia, No. 4672, p. 8, 1961.
2 Aeroplane, No. 2553, p. 442, 1960.
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Figure 1.15. Design Layout of Reverser Used on the Pratt-Whitney JT8D-1 By-
Pass Engine installed on the Boeing 727: 1, Power Cylinder; 2, Slide for the
Drive Controlling External Shutters; 3, Slide for Drive Controlling Internal
Shutters; 4, Guide Slide; 5, Levers of External Shutter Drive; 6, Buffer Stop;
7, External Shutters; 8, Internal Shutters in Thrust Reversal Regime; 9, Sup-
port Bracket of Internal Shutters; 10, Internal Shutter Lever.

Figure 1.18 presents a photograph of the reverser on the TF33-P_7 bypass
engine (thrust 9,525 kg) equipped on the Lockheed C-141 "Starlifter" transport
E;ev = 0.45). The reverser consists of tilting flaps, comprising part of the /48
engine nacellel.

Figure 1.19 shows the design layout of a reverser installed on the Pratt-
,Whitney JT8D-5 bypass engine (thrust 5,445 kg). Two such engines are installed
in engine nacelles in the aft section of the fuselage of the Douglas DC-9 air-
r}iner. The reverse coefficient Rrev = 0.40-0.45, and the switch on time of the

2

- Teverser is 1.5-2 sec.
" 4

~

lyviation Week, 2/IX, Vol. 79, No. 10, pp. 69-70, 1963.

2nterquia, Vol. XX, No. 6, p. 728, 1965. p1;
o SE 566 % ;s Flight, 3/II1, Vol. 89, No. 2973,
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Figure 1.16. Reverser Used on the
Pratt-Whitney JT12-A6 Turbojet Engine.

Figure 1.17. Engine Nacelle of the DC-
8-50 Aircraft Equipped with a Pratt-
Whitney JT30-1 Bypass Engine: a, With
Position of Engine Nacelle Housing and

Figure 1.18. Reverser Used on the External Tilting Shutters in Takeoff and
Pratt-Whitney TF33-P-7 Bypass Cruise Mode Flight; b, With Position of
Engine. Housing and Shutters in Thrust Reversal.

Figure 1.20 is a photograph of the aft section of the General Electric
CJ805-3 (United States, thrust 5,285 kg) turbojet engine with a noise suppres-
sor and a reverser equipped with throttling shutters and deflecting screens

located forward of the nozzle exit cﬁ;ev = 0.50). The screen coverage angle is

120°. Direct thrust losses are less than 1%. Switch-on time for the reverser
is 1 second.
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This engine has been in-
stalled on the Convair 880 air-
liner (United States). Switch-
on of the reverser takes place
after touchdown of the aircraft
and velocity has been reduced
to 220 km/hr. Maximum engine
rpm is maintained down to a vel-
ocity of 110-120 km/hr. Then
the rpm is reduced to a value
90% of the maximum and retained
down to a velocity of 75 km/hr.
Subsequently the engine is
switched to low gas regime with /51
maintenance of the reverser in

s the reverse thrust position.

-« Figure 1.19. Design of Reverser on the A special device obviates
Pratt-Whitney JT8D-5 Bypass Engine on the possibility of landing with
the Douglas .DC-3. thrust reversal if on a given

engine the throttling shutters
do not move into the position
required for thrust reversal.!

Figure 1.20. Reverser on the CJ805-3 Turbojet Engine

The reverser equipped on the General Electric CJ805-23 bypass engine
(thrust 7,300 kg), a modification of the CJ805-3 turbojet engine with aft at-
tachment, is located aft of the jet nozzles of both engine passes and consists
of shutters and stream-deflecting slotted shutters, constituting hinged parts

! pviation Week, Vol. 75, No. 3, p. 82, 1961; Azrlift, Vol. 23, No. 4, pp. 65-
68, 1959.
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of the engine nacelle (Figure 1.21). On the Convair 990 airliner (United
"States) all four engines installed in suspended pods are equipped with
reversers.

The reverser is oriented
relative to the engines in such a
way that gas escape proceeds in
the horizontal plane (cf. Figure
1.21, b). The slotted flap in-
clination angle can be varied for
attainment of the required
negative thrust and to prevent
impinging upstream on aircraft
structural members. For the re-
verser shown in the figure, the
reverse coefficient at a stream
exit angle of about 45° is 0.50.
Control of shutters and slotted
flaps is accomplished via a sys-
tem of levers using hydraulic
powered cylinders. The kinematics
of the lever system provides the
shutters and slotted flaps simul-
taneous translational and rotation
al motion. For thrust reversal
the shutters are shifted rearward
about 685 mm along rails located
beneath the pod pylon. In the
event of control drive failure,

a safety device holds the shutters
and flaps in a working position.
The maximum negative thrust is
reached in 2 sec.

In the course of company im-
provement of the reverser, measure-
ment of vibration was made and
found to be slight; the range of
vibrations did not exceed 1.3 mm
[20].

Figure 1.21. Reverser on the CJ805-23
Bypass Engine: a, Side View; b, Position
Under the Reverser on the Convair 990.
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CHAPTER 11

FUNDAMENTALS OF GAS DYNAMIC CALCULATION OF REVERSERS AND EFFECT OF
GEOMETRIC AND GAS DYNAMIC PARAMETERS ON REVERSE COEFFICIENT

§1., Fundamentals of Gas Dynamic Calculation of the Reversers

Let us examine a reverser whose diagram in generalized form is given in /52
Figure 2.1. Here the section 2-2 refers to the minimum cross-section of the T
deflecting screen, and section 3-3 corresponds to the stream at its exit from
the screen, that is, after it has been tilted obliquely to the cross-section.
Rotating of the stream obliquely to the cross-section is observed when the ex-
tent of pressure reduction is much greater than the working levels of pressure
reduction for thrust reversal upon landing. When the reverser is cut in, the
gas duct is partially blocked and some of the exhaust gases escape in the rear- /53
ward direction. Another part escapes into the atmosphere through deflecting -

screens. When the pressure reduction levels ﬂ;ozzle < 2.2, typical of work-

ing modes of reversers cut in upon aircraft landing, the escape velocity from
the deflecting elements, considering the relatively high level of total pres-
sure loss therein, is subsonic. Therefore we can assume that the velocity and
the direction of the stream in the section 3-3 are equal to its velocity and
direction in the section 2-2, but the static pressure at the exit from the de-
flecting elements is equal to the ambient pressure.

Figure 2.1. Diagram of Reverser and Symbols Used.

Experimental data given in Chapter V confirmed the validity of the fore-
going.

The sum of the projection of reverse stream momentum in the engine axis
and the momentum of air entering the engine, with subtraction of momentum of
gas escaping from the nozzle, is the negative thrust Prev of the engine:
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rev P —= 0,05 £y p 14 . vy, (2.1)

consumption through deflecting elements of the reverser and
and flow rate at exit therefrom;

where G2 and v2

Gl and v, = consumption through jet nozzle in reversal and velocity at
exit therefrom;
Bz = angle of gas stream exit from deflecting elements of the
reverser relative to engine axis;
Grev = Gl + G2 = total consumption through engine in reversal;
V =  aircraft flight velocity
g = acceleration due to gravity.

Under stand conditions, the negative thrust of the nozzle is

¢ .
»::Jg-vgcos;o——fﬁ-vl. (2.2)
rev. g tog

Using the well-known gas dynamic relationship
G
pof(7-)F;v~g—+pF,

we write out equation (2.2) and the value of consumption in terms of the co-

efficients of total pressure recovery g, in the reverser and 9 in the jet

nozzle when throttling elements have been installed in it:

Rrev:PHFQ cos By l“ °2f - ]] —puf [:g;glf (}1)—1],
. (2.3
Gre :’”7:[‘7()\ ’TOZQFQ‘*“] (M) goglFl]-
Here F2 = minimum cross-sectional area of deflecting elements; /54
F1 = jet nozzle area in reversal;
T0 = temperature of gas braking in the nozzle;

Vil
"l == . =,
SRLRVE
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where R = gas constant. For the products of combustion of a turbojet engine
m = 0.389. )

The values of gas dynamic functions f(A) and q(A) are found in the table
listed by the following ratios

: ] 1
H(A ) = o > H()\ ) = —_——————
2 isd 1 T* g
nozzle 2 nozzle 1

Here the extent of pressure reduction = = pO/PH’ where Pg = total pres-

*
nozzle
sure at inlet to reverser.

In the case of nonuniform fields of total and static pressure and angles
82 in the exit section of the deflecting elements of the reverser and nonuni-

form pressure fields in the exit section of the jet nozzle, equations (2.3) are
written in integral form:

Rrev:j‘ €os 3 [ posaf (R) — 1] A7, “'5‘[‘00‘71/[(7‘1)“1](”?1:
£, F. (2.4)

Grey- y”};g [ ( g(h) opd Fyt f 704 ola’F,] .
F Fy -

We can use equations (2.3) and (2.4) to conduct verification calculation
of the reverser, that is, so-called "forward problem'. Generalized data on 9,
and other information on o, are given in Chapter IV.

Let us denote by k the ratio of consumption through the deflecting
elements of the reverser to the overall consumption through the engine:

e G2 _ Grev-G

Grey  Grev

and we will introduce reduced velocities at the exit from the deflecting ele-

ments AZ and the valve in thrust reversal Al. Then equation (2.2) will become:
kG ) G
/€rev;——2_9‘~'-a*)\2 cos By —(1—£) iev a . (2.5)

Here a, = critical speed of sound.
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To calculate the reverse coefficient E;ev’ we must know the direct thrust /55
th 1 ici R R
of the nozzle, usually expressed by the coefficient RspeC1f1c nozzle thrust of
the specific thrust:

G
= nozzle

Rozzle = Rspec. nozzle g 3:)ideal velocity’ (2.6)
thrust

and for determination of the consumption coefficient in reversal E;ev, we must

know the value of the consumption through the nozzle in forward thrust:

Gnozzle = “nozz]eGideal veloci ty

Here u .1 = consumption coefficient, Gideal velocity ~ ideal consumption
6, = Mg (3 )F
ideal velocity T0 ideal velocity’ nozzle
where A = reduced velocity at total expansion from total pressure

ideal velocity
Py forward of the nozzle up to the pressure pH of the surrounding environment,
Fnozzle = area of critical section of nozzle in forward thrust. It is assumed
that the characteristics of the nozzle are known in the form of the function

Rspecific nozzle thrust and Moozzle with the extent of pressure reduction in

the nozzle as the dependent variable

Consumption through the engine when the reverser has been cut in must
equal the consumption through it in forward thrust, that is, the consumption

coefficient Grev = Grev/Gnozzle = 1. Then, by using equation (2.5), we ex-

press the reversal coefficient in the following form:

= R
R = ]
R [BhpcosB—(1—B)N)  (2.7)

Rspec. noz.Aideal velocity
thrust

Thus, in calculating the reverser located forward of the exit section of

the jet nozzle, in addition to characteristics of the nozzle Rspec.nozzkz1hrust

and u we must yet have available the parameters Tys 82, Ty k. When the

nozzle
entire consumption is deflected in the reverser, it is sufficient to have ad-
ditionally only two parameters 9, and 82:

45



Al

)\zcoss2

ﬁ = - S —
Tev r “\ (2.8)
specific nozzle thrust” ‘ideal velocity

The negative thrust of the engine when external flow is present is writ-
ten in the following form in terms of the reverse coefficient:

P = Gnozzle 7 1 9, 2.9
>_ - (p+ﬁg_.____ | Rreit 2V, (2.9)

where P = forward thrust of engine.

In the actual practice of designing reversers, we encounter the so-called
"reverse problem' which formulated thusly: for a reverse coefficient and known /56
characteristics of the deflecting and throttling elements, we want to find the ~—
appropriate position of the latter and the required minimum cross-sectional
area of the deflecting elements.

Using formulas (2.7) for the reverse coefficient and (2.6) for the for-
ward thrust of the nozzle in terms of the coefficient of the specific thrust
produced at the nozzle, we can derive an expression for the required value k
necessary to ensure the specified reverse coefficient for given characteris-
tics of the deflecting elements and of the nozzle when the throttling elements
have been installed in the nozzle:

k - Rk, le thrust :] 2.10
required - rev spec. nozzle thrus ideal velocity _ (2.10)
, RS =y ()
A A 1
2 1
5 cos B, +
ideal vel. ideal velocity

The required value of k is a function of the position of the elements throttl-
ing the gas duct of the engine, for example, the tilting angle ¢ of the shutter
ters, flaps, etc.

The variables Al, 62 and Az entering into expression (2.10) must be de-

termined experimentally. We must also find from experiment the function of the
assumed value of k:

Kovailable = #a(2). (2.11)

We will take as the assumed value of k the fraction of the over-all con-
sumption that must be directed to the deflecting elements for the selected
scheme of throttling elements. Since the functions k1(¢) and k,(¢) are
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‘analytically unknown, combined solution of equations (2.10) and (2.11) for
determination of the values of k and ¢ fis best done graphically. Knowing the
characteristics of the deflecting elements (02, 62) and the nozzle character-

istics when the throttling elements have been installed in it (01), we can for

several positions of the throttling elements calculate from formula (2.10) the
required value of the fraction of the over-all consumption which must be di-
rected to the deflecting elements in order to obtain the desired reverse coef-
ficient. The sought-for values of k and ¢ are found from the intersection of
the curves kl(¢) and k2(¢) plotted in terms of the coordinates ¢ and k.

The necessary minimum cross-sectional area of the deflecting elements is
calculated from the formula

Fo== S Gy
m_;?%~q(h) (2.12)
- 3 *
where Poa = P95- We find the value q(Az) from the known values of Mozzle
and Oy

§2., Effective Geometric and Gas Dynamic Parameters on the Reverse Coefficient /57

We will write the expression for negative thrust of the nozzle in the
following form:

Rrey ™ 120,429 (As) 345 €08 By — F 10,029 (1) o

(2.13)
where Fo=Fgcreen sin Byane’
B = design angle of vane at exit from screen;
vane
F . i
screen = area occupied by screen;
F4 = area of clearances in the throttling element
closing the nozzle;
. or T T L ‘s .
a,= k4_1g%?r°' critical speed of sound;
1
2 \rt1 . . . .
Q*::(;]fi) Qo - = density of gas in the critical section;
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q(2) = reduced cohnsumption;
Ap = reduced 'velocity at exit from nozzle;
o = total pressure recovery coefficient.

The index '"'0'" denotes the braking parameters, and the indexes 1, 2, 3,
and 4 denote the cross-sections shown in Figure 2.1,

In equation (2.13) it has been assumed that Az = xs and P, = Py-

When the reverser has been cut out, the gas exiting from the nozzle pro-
duces positive thrust.

2
R = +
nozzle Fnoz.p*a*q(Anoz.)cnoz.)‘noz. Fnoz.pO (llnozzle__fﬁi, (2.14)
Po Do ? )
where Prozzle - static pressure at nozzle cross-section,
Py = ambient pressure.

Dividing equations (2.13) by (2.14), we get an expression of the reverse
coefficient as a function of gas dynamic and geometrical parameters of the re-
verser:

E - . - Fiq () sakgcos 3y sinB‘aTJF4q (Mg) 54 (%1)
rev . R e .
i D - 4
Fnoz.l/ﬂ(knoz.)cnoz.)\noz 0-(£noz _ i (2.15)
Qx@x \ Po Po

Let us consider the effect of geometric parameters of the reverser, that
is, the area of the deflecting screens and the angle of gas escape 82 on the

reverse coefficient. Let us take as the optimal reversers the design for which
at a given area occupied by the deflecting screens or the comnecting pipes in
the jet duct of the engine, the reverse coefficient will be at a maximum or

for a given reverse coefficient the indicated cross-sectional area will be at

a minimum. To exclude the effect of the reverser on the engine it is necessary
to satisfy the following equality

q()‘noz)onoz h Fscreens'nBvaneq(AZ) 2° (2.16)

Fyona(r,) = F

noz.

For simplicity in analysis, let us consider the case when PLozzle = Py

that is, for subcritical or near critical extent of pressure reduction or when
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there is complete expansion of gas in the nozzle. Let us also assume that

Chozzle = L that is, total pressure losses in the nozzle with the reversers
cut out do not exist, and that 82 Z'Bvane' Then, substituting expression
(2.16) in the relationship (2.15) we get
T = q(x,)
R =F 2 A2 A
rev screen gt )0 i + i _ 21
q >‘noz) 2 Anoz(cos BVaneS'nBvane Es'nsvane) A 1 (2.17)
noz
where F = F /F = relative cross-sectional area of deflecting
screen screen’ nozzle
screens;

E=A/Aa.

The reduced velocities A and Ay depend on the total pressure recovery

coefficients in the throttling and deflecting elements of the reverser, respec-

tively. With a reduction in B at F = const, the minimum passage
vane screen

cross-sectional area of the deflecting element, and consequently, the gas con-
sumption deflected to the reverse direction, is reduced. To satisfy condition
(2.16), the amount of gas bypassed in the straight-flow direction for which the

area F, must be increased must rise. Variation in the ratio F,/F will
4 4’ "nozzle

lead to a change in coefficient Oy- Thus, in the general case the parameter ¢

is a function of the angle BV However, in the two cases of practical im-

ane

portance to us, we can assume that £ does not depend on the angle Bvane' In

the first case, when the throttling shutters are located at the exit section of
the nozzle. Gas escaping through the gaps leaves the nozzle at a supercritical
degree of pressure reduction at a reduced velocity A, = 1. In the second,

when the throttling shutters are located so far from the exit cross-section of
the nozzle that they practically completely dissipate the axial velocity, such
that Al << 1, and within the limits Al = 0.

Let us find the value of the angle Bvane that corresponds to the maximum

reverse coefficient for the specified limiting cases when there is a fixed

value of the parameter Fscreen’ for which we will differentiate (2.17) in temms

ane® assuming that q(Az) and 02do not depend on the angle Bvane'

of the angle BV
Equating the product to zero, we get the optimal angle as a function of the
ratio of velocities

optimal vane angle :::ZE;E£Qit£L. (2.18)

cosB
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In expression (2.18) we must take a plus sign in front of the root, which cor- /58
responds to the angle B < 90°.

If the throttling elements are located close to the nozzle exit ( £ = 1),
then the optimal angle of the exit of the stream from the screen is 60°. 1If
the throttling elements are located remotely from the exit cross-section of
the nozzle ( & = 0) then the angle B\ ane is 45°.

Results of calculating the reverse coefficient from formula (2.17) for
the value £ = 1 and £ = 0 in the case of an absence of total pressure losses in
the deflecting screens, that is, when o, = 1, are shown in Figure 2.2. 1In the

calculation, the value of F is taken as a parameter. The maximum reverse

screen
coefficient corresponds to the optimal value of the angle Bvane at a given area

F , and for a given reverse coefficient--for minimum F (Figure 2.3).
screen screen

The maximum value of the reverse coefficient R = cos B , is plotted on
rev vane

the figure, corresponding to the case when the entire consumption passes
through the screen and the losses of total pressure in the nozzle and in the

deflecting on the screen are absent (Gnozzle =a, = 1).

T’\_re_v v f screen

50 ’—'i\l 32 - I—

68 R
, 2% .
!

g6 ‘y

— B 787 05,03 g1

1>
B

56

08

Figure 2.2. Reverse Coefficient as g 0 20 30 40 56 &0 10 &g 97 B3
a Function of the Angle of Stream

Exit at Constant Relative Area
Figure 2.3. Relative Area of Deflect-

Fscreen of the Deflecting Screen; ing Screens as a Function of Stream
* le = 1.9. (The Solid Curves Exit Angle at Constant Reverse Coef-
nozzie ficient. (The Symbols are the same as

Correspond to the Ratio of the Re-
duced Velocities AI/AZ = 1.0; and

the Dashed--When A]/AZ = 0).

those in Figure 2.2.).
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It follows from calculations that in the absence of total pressure losses
the values of the reverse coefficients needed in practice (about 0.5) can be
obtained when the stream angle at exit from the screen 82 = 45-60°. It is

obvious that it will be more profitable to have large stream escape angles
since here the probability of the heated reverse stream sweeping over the
engine nacelle, fuselage, or wing of the aircraft is reduced.

Let us consider the effect that the coefficient of total pressure re-
covery in the deflecting screen and the extent of pressure reduction have on
the reverse coefficient.

For simplicity, let us consider the case when all of the gas passes
through the reverser. Then it follows from the consumption equation that

Fscreen®Myane a0y _
F q(x ) %2~
nozzle nozzle

~
(o)}
—

and expression (2.15) can be transformed to the following form:

B oo oo . e
f 2,19
rev 1+»>—51@~—— Phozzle _Pn ( )
o a0 ) |-nezzle
* nozzle™ ' nozzle Po £o

If there are losses of total pressure, the reverse coefficient is reduced by a
reduction in velocity at the exit from the screen.

The reverse coefficient as function of the coefficient of total pressure
recovery o, is shown in Figure 2.4. The calculation was based on formula
(2.19) for PLozzle = Pu-

ses in the screen, the reverse coefficient decreases. Here, to retain the un-
changed consumptions through the engine compared to the case 0, = 1, we must

When there is an increase in the total pressure los-

increase the exit cross-sectional area of the screen F2 (Figure 2.5).

When some of the gas passes through the nozzle, the reverse coefficient
is reduced by the amount

, _Famg Gt
AR = F A q(x ﬂq_(pnozzle_dlﬁi)'

) 4 (D
noz "noz ' nozzle 0.al Py 7

which is directly proportional to the gas consumption and its velocity at the
nozzle exit.
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o If the exit cross-sectional
Srev. . S ~area of this screen compared to the
’ case 0, = 1 remains unchanged, then
= to retain the condition w* =
r,—/” ="~ nozzle
— -~
05'/,747,/ R ot = const some of the gas must be
' P s released to the jet nozzle, which
-7 A0 -\ sharply reduces the reverse coef-
7 A=10 ficient (dashed lines on Figure 2.4).
-~
7
al.” In this case, as has already
07 08 09 G2 been remarked, a reduction in the

reverse coefficient depends strongly
on the escape velocity of the gas
from the jet nozzle. The limiting
cases corresponding to Ay = 0 and

Figure 2.4. Reverse Coefficient as a
Function of the Total Pressure Recovery

Coefficient for BV = 37° and

ane A, = 1.0 are plotted in the figure.

T = 1.9. (The Solid Curve Cor- 1

nozzle
responds to the Absence of Gas Passing
Through the Throttling Elements;

Dashed Lines--for the Case of Constant

As has been indicated, for a
critical degree of pressure reduc-

Area F Corresponding to o, = 1.0), tion in the nozzle
screen 2 "
* k- 1\k—1
Thozzle < (—5—) s

P = p,, the oblique cross-section does not function in the screen, and,
nozzle H

consequently, we can assume that Ag = Ay and Bg = B, The reverse coefficient

when o, = 1 and the independence of the angle B, on the extent of pressure re-

duction do not depend on 7*

nozzle’

If the extent of pressure reduction in the nozzle is supexrcritical, then /62
k

TT*nozzle >>(€€l)b4 and it is clear from the ratio (2.19) that the reverse

coefficient depends on 7w* Owing to the presence of an oblique cross-

nozzle
section in the screen the escape velocity from the screen and the stream angle

at the exit are changed.

The stream angle at the exit from the screen, owing to tilting in the
oblique cross-section, can, for example, be found from the consumption equation
written for the cross-sections 2-2 and 3-3:

__q () sinByane
- i)

sin 2,
gy e
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where q(Az) and B stipulated geometrical and gas dynamic parameters of

vane
of the screen;

Ag = determined from extent of pressure reduction pH/p0

and the coefficient of total pressure recovery Oy

in the oblique cross-section.

FZ/Fnozz]e

150 -

1ol .
0,6

1,0 6,

’

Figure 2.5. Relative Area of Deflecting Screens of the Reverser as a Function

of the Coefficient of Total Pressure Recovery for Different w* .
nozzle

The presence of losses in the oblique cross-section will lead to an in-
crease in the angle 82 and to a reduction in the velocity AZ. The limiting

value of the angle 83 depends on the geometric parameters of the screen and the

total pressure losses in it [5] and can be found without allowing for losses,
from formula

Here the limiting value of the pressure ratios is

L 2k

ﬂ..—:(__%_ Bl si B"'H
2o \k+1 BRI

A further reduction of this set of pressure ratios does not result in an incre-
ase of the angie 83.
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By way of example, Figure 2.6 presents the results of calculating the
reverse coefficient for a single model. It was assumed in the calculation
that the coefficient of total pressure recovery in the deflecting screens
does not depend on the extent of pressure reduction. In this same figure ex-
perimental values of the reverse coefficient obtained from tests have also
been plotted. Calculation of the reverser model with deflecting screens and
throttling element in the form of a diaphrgam with opening equal to 25% of
the nozzle cross-section escape area has been made on the assumption that

Al = Anozzle' _

rey
10
0p=10
4 0.95
| &, |b a_ 09 -
- —— T T T T T T e —— e
/ Oq‘i,o,f—"b—_—ﬂ _____ — o _. o
05 o g
g
10 15 20 2.5 TT*

>

hozzle

Figure 2.6. Reverse Coefficient as Calculated Functions of the Extent of
Pressure Reduction for Different Total Pressure Recovery Coefficients and
Comparison with Experiment for a Reverser Model when Bvane = 37°. (Solid

Curves Correspond to the Case in Which There is no Passage of Gas Through the
Throttling Diaphragm; Dashed Curves Correspond to the Presence in the Dia-

phragm of Openings Having an Area F) = 0.25 Fnozz]e)'

Comparison of the calculated values of the reverse coefficient with ex-
perimental reveals that for the given simplest model calculation in general
follows the reverse coefficient as a function of the extent of pressure reduc-
tion and as a function of distribution of consumption between the reflecting
screen and the nozzle.

The smallest value of the total pressure recovery coefficient in the
deflecting screen for this model is equal, evidently, to 0.9.

We must note that the reverse cgefficient is the function of the extent
of pressure reduction are marked by great diversity (Chapter IV). Design de-
termination of the values of E;ev encounter certain difficulties which have

necessitated in practice resorting to model tests of reversers.
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CHAPTER 111

STUDY METHODS AND EXPERIMENTAL FACILITIES FOR TESTING
REVERSER AND DEFLECTOR MODELS

§1. Methods of Studying Reversers and Deflectors /65

Constructing reversers and deflectors requires comprehensive and careful
experimental investigation. These investigations are conducted as follows:

-- on models in special experimental installations;

-- on small-scale engines in stand tests;

-- on models of aircraft in low velocity wind tunnels;
-- on full-scale engines in stand tests;

-- on aircraft in taxiing, test landings and takeoffs.

Studies on models allow us to explore the effect of design and gas dyna-
mic parameters on characteristic coefficients, to determine the required pas-
sage cross-sectional areas of deflecting and throttling elements, to study on
the basis of measurements of pressure fields and angle characteristics of the
flow in elements of reversers and deflectors, to secure information about the
size of hinge moments, data on distribution of pressure along streamlined sur-
faces, that is, to obtain the basic information required in building rational
designs of these devices.

Let us dwell on several general problems in research on reversers and
deflectors on models.

Experimental facilities are equipped with force-measuring devices (scaleg
that allow us to measure the direct thrust of the nozzle for negative thrust
of the reverser, and also the vertical component of the thrust when we are /66
studying deflectors. T

High requirements have been placed on precision of measurements on facil-
ities intended for use in studying jet nozzles and deflectors. Usually con-
sumption must be measured on such installations with a precision not less than
+1%, and thrust-- +5%. The precision in measuring negative thrust of rever-
sers, speaking generally, can be lower (*1-2%), since no unique criteria, as
indicated in §3 of Chapter I, exists for the required value of the reverse
coefficient that must be provided for the reverser. On the other hand, gas
dynamic improvements of the reverser of any scheme or scheme modification is
subordinate in importance compared to its other characteristics--envelope di-
mensions, weight, possibilities of realizing in an actual design, etc. How-
ever, in actual practice, investigation of reversers proceeds with high
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measurement precision, since their tests are conducted on the same facilities
as nozzle tests.

Experimental facilities for investigating models of jet nozzles, re-
versers and deflectors in the form of pipe bend that can be tilted have won
acceptance. In several designs this bend is connected with a suspended force-
measuring device that is not a structural part of the facility itself. 1In
some installations a movable bend is directly connected with a lever on which
a pan is provided for weights that equalize the measured force of thrust.
Lately, units in which forces are measured by tensometry have been enjoying
mounting acceptance.

Investigation of models of reversers and deflectors is usually conductec
in air. We know that some studies of reverser models have been conducted on
units equipped with the combustion chambers of air-jet engines [37]. However,
conducting tests of reverser and deflector models in this way does not stem
from necessity, since the data obtained from tests in cold air can be recal-
culated to natural conditions by a well-known method.

In order. for the results of model tests to be transferred to full-scale
application, we must satisfy similarity conditions, in particular, with respect
to M and Re numbers. The first condition is met by testing models for given
extent of pressure reduction that obtains in a full-scale engine. The second
condition is more difficult to satisfy.

The Re number for a model must be higher than the critical Re number,
which is approximately 3:102 The Re number must be calculated from the char- /67
acteristic dimensions of the reverser or deflector, for example, from the -
chord of the vane of the deflecting screen or the pitch of the screen, and for
the reverser with shutters, along the gap between the shutters and the jet
nozzle (engine nacelle) forming a minimum passage cross-section of the rever-
ser. Usually, when testing models the modeling scale is 1/5-1/8. Units in
which the jet pipe diameter (critical nozzle cross-section) is about 100 mm
have been widely accepted. These installations require a measured amount of
air. On the other hand, for these dimensions of the shutter-type reverser
model the characteristic Re number will prove to be higher than the critical.

Deflecting screens of reversers and deflectors in full-scale engines have
vane chord dimensions within the range 50-70 mm. When modeling such screens
in the scale indicated, the dimensions of the vane chord will be too small in
order to satisfy the similarity condition in Re number. Estimates have shown

that the size of the vane chord of the model for M2 numbers of about 0.9 for

the stream exit from the reverser are characteristic for improved reversers,
and must be taken as equal to approximately 15 mm. On the other hand, when
manufacturing vanes of deflecting screens with smaller dimensions their geo-
metric shape can be improperly executed. Thus, when investigating models of
reversers and deflectors with screens we have to resort to units of fairly
large size.
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Another method of insuring the required Re number is to conduct tests of
reversers and deflectors with screens on small-size engines. In the course of
the studies, just as when testing on full-sized engines, it appears possible
to study not only gas dynamic problems, but also the temperature conditions of
parts of assemblies, the working order of the structure, and so on.

Investigations of reversers and deflectors in location on the aircraft
when there is external streamlining are of great importance. Studies are made
on models of aircraft in wind tunnels during which the reversers and deflect-
ors are modified in such a way as to preclude impinging of the deflected
stream on the engine inlet and on the structural members of the aircraft. In
these studies water vapor or heated air is passed through the model of the re-
verser, and as the temperature at the air scoop inlet rises, this increase is
used to estimate the incursion into it of the deflected jet stream. In ad-
dition, when water vapor or smoke-filled air is used as the working fluid it /68
appears possible to conduct visual observation.

The final stage in the cycle of studies conducted in the building of re-
versers or deflectors is to refine them during taxiing and test landings and
takeoffs at the airport. The same range of problems that was considered in
model tests of an aircraft fitted with reversers and deflectors in the wind
tunnel is also in general the object of this kind of research.

§2. Experimental Unit for Study of Reverser and Deflector Models

Description of the installation No. 1. The lever type unit No. 1 for
studying models of reversers and deflectors is shown in Figure 3.1. This unit
was used to conduct investigations whose main results are given in §3 of
Chapter IV, in §2 of Chapter V and in Chapter VIII. The unit has a rocking
tube and a lever weighing device that affords measurement of the positive
thrust of the jet nozzle and the negative thrust of the reversers, and also /69
the vertical and horizontal components of thrust produced at the deflectors.
The unit operates on high pressure air fed to the model through the airline 1,
cylinder 2, bushing 3, two connecting pipes 4, and the rocking tube 5. Laby-
rinth sealing is provided in cylinder 2.

Present at the end of the rocking pipe 5 is a bracket pipe 6 with a flange
to which the test model 7 is secured. The bushing 3 rests on the support 9
via the prism 8. A two-arm lever 10 is rigidly secured to the bushing 3;
suspended from the lever are scale pans for measuring the thrust or its verti-
cal and horizontal components by means of weights. A mercury th rmometer is
placed in the rocking pipe at the entry to the test model to measure the

braking temperature To and Pitot tubes for measurement of total and static air

pressure. The Re numbers determined from the dimensions of the vane chord

of the screens in the reversers and deflectors lie within the limits (2-3)-10°.
Therefore, the results of model tests obtained on this unit can be extrapolated
to full size with adequate precision.
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Figure 3.1. Diagram of Experimental Unit No. 1: 1, Airline; 2, Cylinder;
3, Bushing; 4, Connecting Pipes; 5, Rocking Pipe; 6, Bracket Pipe; 7, Test
Model; 8, Prism; 9, Support; 10, Two-arm Weight Lever; 11, Deflector.

Method of conducting experiments and treatment of results. In tests of
a model, the thrust in the steady-state regime is equalized by weights on the
scale pans. The position of equilibrium is established by a pointer. The
thrust of the model is determined from the equation of moments built up rela-
tive the point of rotation O of the system.

Direct thrust is determined from the equation

Rnozzle =P %’
where P1 = weight on right pan of scale;
Zl = right-arm of scale lever;
Z4 = vertical arm of rocking pipe.

Negative thrust of the reverser is determined from the equation

!
=p, 2

R
rev I

where P, weight on left pan of scale;

[/

2 left arm of scale lever.
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The vertical and horizontal compohents of the thrust of deflectors are
determined from the results of two experiments conducted with stream deflected
downward and upward. The direction of the stream is varied by tilting the
model by 180° on the flange about its horizontal axis. '

If the thrust resultant, when the stream is deflected upwards, passes to
the right of point O and when the stream is deflected downward to the left of /70
0, then the horizontal and vertical components of the thrust are determined,
respectively, from the following equations:

R _ Pili— Pyly
hor 2, ?

R _ Pt Pola
ver 2, )

When the stream is deflected upward, the weights are loaded into the right
pan of the scale, and when the stream is deflected downward--into the left pan.
If the resultant passes to the right of point O, then the force of the thrust
is measured by a load only on the right pan of the scale when the stream is
deflected upwards and downwards.

Equations for determining horizontal and vertical components of the thrust
force in this case will be:

R P kit
hor TR
R =/ f‘f‘Pi
ver 1 s )
where P! = load on right pan of scale with stream deflected downward.

1

If the resultant passes to the left of point O, then the force of the
thrust is measured by load on the left pan of the scale with the str..am also
deflected upward and downward. The equation of the horizontal and vertical
components of the thrust force in this case are written, respectively:

hor — % 2
R :lr) A——PQ_P2'
ver 2 BTA ’
where P! = load on left scale pan when the stream is deflected downward.

2
Air consumption is determined from the static p and the total Py Pres-

sures measured along the radius in the bracket pipe 6 in the center sections
of five equally sized circular areas:
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0,3965 3
G=—""C-F Do:q (A
5V To 2% 0id (A%, (3.1)

where F = area of bracket pipe.

The value of q(Ai) is determined with the aid of gas dynamic function

tables from the following function calculated by relying on experimental data

I(,) =-2-.
Poi

~

The total pressure Py at the inlet to the model is determined from the

value of the measured static pressure Pin1 of the air from formula Py =

et

)} in which the value of I (X,

1n1et) is found by using Table for

= Pintet’ T Pintet

the value of the function

vy = _G_ YTy
inlet 0,3965 F. p. ’
inlet"inlet (3.2)
where F. = area of inlet to the model.

inlet

Values of consumption and thrust are converted to standard atmospheric
conditions.

Experimental characteristics of reversers are presented in the form of

functions of the extent of pressure reduction ﬂ;ozzle’ reverse coefficient
R

rev’ and the consumption coefficient E;ev’ which are calculated from reduced

thrust values:

R
Y = eV . ¢§ Grev R Po

'Trl\
rev R ' Trev G * "nozzle p
noz noz H

The coefficients of vertical §§er and horizontal Ehbr components and the

resultant R of the thrust are calculated from data of experimental study

defl
of deflectors:

_ Rver - _ Rhor - j/-Q =2

Rver R, : Rhor - R, ’ Rdefl = Rver * Rhor
id id
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Here the indices "ver'" and '"hor", respectively, refer to the vertical and
horizontal components of the thrust, and Rid is the ideal thrust of the nozzle

. = ia')\ . N
id g ideal

where Aid = reduced velocity corresponding to total expansion from pressure

pO to pH.

The consumption coefficients were calculated from the formulas:

T - Ggefl. . T - Gdeflecting
deflecting Gnozzle hor Ghor
The consumption coefficient EAefl was calculated for the deflectors for

which in horizontal flight the jet stream escapes from the main nozzle, and
the deflection of the stream is accomplished by throttling of the gas duct,
that is, by the same method as in the reversers. The consumption coefficient

Ghor was calculated for the deflectors with tilting nozzles, where Ghor = /72

= consumption upon escape of gas in the horizontal direction in the direct
thrust regime.

The coefficient of total pressure recovery in the absence of direct thrust
via bypassage of part of the consumption to the jet nozzle in the reverser was
determined on the assumption that there is complete expansion of the thrust,
based on the measured value of the negative thrust and the extent of pressure

reduction W;ozzle by the method of successive approximations based on the fol-

lowing two equations:

R _ Prfacosp, [ ;';oz Soff (he) — 1,
e
rev 11 () = 1
F1e Er)
noz

In addition to obtaining overall characteristics of reversers and de-
flectors, it was of interest to investigate the stream when it exits from
these devices. Study of the stream was based on measurement in different
cross-sections of the total pressure fields and the stream exit angles. Analy-
sis of total pressure fields aimed at establishing the nature of nonuniformity
of the stream as it exits from the reversers and deflectors and at outlining
ways of eliminating this nonuniformity. Study of fields of stream exit angles
even under stand conditions is of great importance. Several measured total
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pressure fields are listed in §3 of Chapter IV and the stream exit angles in
§1 and 2 of Chapter V.

The total pressure fields were used also to calculate the coefficient of
total pressure recovery in the reverser as the ratio of the averaged total
pressure in the exit cross-section to the total pressure Py at the inlet to

the reverser:

1

99 == ‘,?2‘1;0‘5 Poad Fy.
Fa

Comparison of o, values calculated from thrust and from total pressure

2
field at the exit has revealed their satisfactory convergence.

The total pressure recovery coefficient in the jet nozzle when throttling
elements are installed in it was calculated in the thrust reversal regime as

follows:

1 -
DT Pod
Fipo i

§3. Experimental Tensometric Type Unit for Studying Models of Reversers and /73
Certain Methodological Problems in Research on Jet Nozzles and Reversers
by the Scales Method

Description of Unit No. 2. This unit was used for experimental studies,
the chief results of which are given in §1 and 2 of Chapter IV and §1 of
Chapter V. The unit comprised a reverser, a scale section, and a silencer box

An air bleed consisting of a disk with openings and a turbulentizing grid
on a turning screen 3 were provided for organization of the stream in the re-
verser 1 (Figure 3.2). The scales section of the unit, designed to measure
forces from the reverser or the jet nozzle under study by tensometry was mount-
ed on the flange 10 of the reverser.

The housing 8 of a guidance device with vanes 9 located in the four ports
of the housing was secured to the flange 10. Windows were also built in the
sliding cylinder 19. In order to preclude stream momentum at the inlet, rat-
ional direction of the stream was provided by high screen density. The hous-
ing 8 had labyrinth gaskets designed to reduce leakage through gaps between
housing and the sliding section of the unit. The sliding section consisted of
a cylinder suspended on two weighing elements 7 and 12. The weighing elements
consisted of laminar cross-pieces made‘out of single construction with inner
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and outer flanges. The weighing elements allowed displacement of the cylinder
in the axial direction, but secured it in the radial direction. The weighing
element 7 was designed only for suspension of the cylinder in the sliding
section. Resistance tensometers were riveted to the thick cross-pieces of the
weighing element.

From the cylinder came air through the reducer 20 and arrived at the
metered valve 14 ground according to the Vitoshinskiy curve. Drainage openings
16 were placed at the exit from the cylindrical section of the nozzle for
static pressure measurement. A comb 15 was located in the reducer to measure
total pressure.

The counter pressure chamber 6 with four pipes 17 serving to connect it
with the space into which the gas is to escape was secured to the housing of
the guide device. The dimensions of the chamber and the through sections of
the pipe were chosen in such a way that the pressure in the chamber was equal
to the pressure in the silencer box. This was done to prevent the pressure
forces along both sides of the sliding cylinder to have an effect on the jet
thrust. The pipes were sealed with rubber gaskets 18, ard the face of the LZE
chamber with a rubber insert. The counter pressure chamber was covered with
cowling 5.

The reverser or the jet nozzle under investigation was secured to the
flange of the metered nozzle.

A collector 11 also fitted with a labyrinth gasket was installed to trap
air streaming past the front labyrinth gasket. Bleeding of air from the con-
necting pipe proceeded in the radial direction.

The thickness of the thick cross-pieces of the weighing element 12 was
4.5 mm and for the thin cross-pieces--2.5 mm. The cross-pieces of the weighing
element 7 were also made 2.5 mm in thickness. For a maximum load of 550 kg
the bending stress in the cross-pieces did not exceed the permissible values
for steel of grade 18KhNVA of which the weighing elements were fabricated.
At a load of 550 kg the unbalance of the measuring bridge was about 17 milli-
volts. In nozzle tests the unbalance did not exceed 10-11 millivolts.

A comb 13 covering the unit was installed to reflect air escaping from the
reverser under study. A thermometer 4 was installed on the reverser to measure
the braking temperature. The bedplate 22, along the longitudinal guidewave of
which the coordinate spacer can slide for shifting of the Pitot tubes, was
secured to the unit's flange.

Calibration of the unit. Calibration of the weighing elements of the unit
was conducted by means of model third-level dynamometers providing a precision
of +0.5% of the maximum measured value. An accessory consisting mainly of a
nut and bolt was installed for weighing on the flange 23 of the bedplate 22
(cf. Figure 3.2). Turning the nut accomplished shifting of the screw and load-
ing of the weighing element. The screw was kept from rotating with a cotter.
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A universal dynamometer rated at 1,000 kg afforded calibration for performance
in compression, (thrust) and in elongation (reverse).

Tensometers with resistances of about 90 ohms were connected in a Wheat-
stone bridge circuit, in the measuring diagonal of which the PP-type potentio-
meter affording a measurement precision of #0.05 millivolt was connected. A
variable resistance was inserted in one arm of the bridge. It afforded when
necessary zeroing of the bridge. The bridge was connected to a battery. The
feed voltage, 6 volts,was kept constant.

Calibrations showed that the unbalance of the measuring bridge as a func-
tion of force is satisfactorily -approximated by straight line. 1In the cali-
brations the factory agreement of readings for forward and reverse movement
when loads corresponding to reverse and thrust were applied was noted.

It was found that pressure in the receiver upset the equilibrium of the /76
measuring bridge. Calibration was conducted to allow for the effect of pres-
sure. To do this, the nozzle of the unit was covered by an end cap.

A comb was installed in the exit cross-section to measure total and
static pressure levels in calibrating the measuring nozzle. Simultaneously,
the difference between mean total pressure Py measured by the comb in the re-

ducer and mean static pressure at the exit from the measuring nozzle Apinlet

and the braking temperature TO were measured. Measurement of fields was con-

ducted for two mutually perpendicular comb positions. Inspection showed ade-
quate uniformity of total and static pressure fields.

Consumption was determined by the method stated in §2 of this chapter!.

The calibration graph was plotted in the form of the function
G =2 VTo=F (8P {n1et/Po)
Po 0 inlet" "o’ *

Here Py = mean value of total pressure measured by the comb. The value of Py

practically agrees with the total pressure values measured in the heart of the
flow at the exit from the measuring nozzle. Examination showed that experi-
mental values of G' differed only slightly from calculated values.

lWe note that in this equipment as well as in the equipment described above,
unit No. 1, consumption was not measured at the feed pipeline for which it is
usually easy to attach standard instruments for measuring consumption, but
directly in the movable part of the unit. This made it possible to ignore
leakage through the laboratory field at the places where air is fed to the
movable parts of the units.
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Figure 3.2. Design Schematic of Scales Section of Unit No. 2: 1, Reverser; 2, Baffle; 3, Screen
with Grid; 4, Thermometer; 5, Cowling; 6, Counter Pressure Chamber; 7, Weighing Element; 8, Housing;
9, Vanes of Guide Device; 10, Flange; 11, Collector; 12, Weighing Element; 13, Reverberatory Housing;
14, Metered Valve; 15, Total Pressure.Comb; 16, Metered Valve Drainage; 17, Counter Pressure Chamber
Pipe; 18, Gasket; 19, Sliding Cylinder; 20, Reducer; 21, Bed Plate for Securing Coordinate Spacer
and Calibrating Accessories; 22, Bedplate; 23, Flange.




Method of conducting experiments and treatment of results. In the test
zone zone the nozzle and reversers are measured by the following variable

1} mean value of total pressure in the reducer Pgs
2) static pressure in silencer box Py

3) difference between total pressure in reducer and static pressure at

exit from metering nozzle Apinlet;

4) difference between static pressure in counter pressure chamber and
in silencer b - ;
in siien °X Pchamber ~ Pu’

5) braking temperature TO;

6) unbalance of measuring bridge Uweighing clement”

To raise the reliability of results, the tests were conducted with a
number of measuring bridges.

The forces acting on the sliding cylinder of the unit in the case of noz-
zle and reverser testing have been plotted in Figure 3.2. The solid arrows
point to the direction of action of forces in testing of the jet nozzle, and /77
the dashed lines--when the reversers were tested.

The forces are designated as follows:

1. Rk1 = force of pressure on rear wall of sliding cylinder
R = TPy
1]
where Fk = area of rear wall of sliding cylinder.
2. Ra = total momentum at exit

[\)a: mw, + paFav

where m = effective mass consumption through nozzle or reverser;
wa = effective escape velocity;
p, = pressure at exit from nozzle or reverser;

1 kx is arbitrary. Tr. note.
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F_= exit area of nozzle or projection of exit area of reverser in
a . . .
a direction perpendicular to the thrust.
3. RH = force produced by the presence of pressure in the external pass

pass of the sliding cylinder and the nozzle (reverser). In the case of the
jet nozzle

RH:pH(FK_Fa),

for the reverser

RHzpli(Flc+Fa)-

Rweighing clement force from weighing element.

5. RO = force acting on cylinder from the flange side.

From the condition of equality of the sliding cylinder, we have for the
nozzle test
R+ Ry--R weighing — R, —R,=0.
element

Substituting the appropriate values, we get

Ra_Fapll::R weighing —I_RO—*_F‘k(/]nc—pI{)-
element

The expression

Ra—Fapll =My ‘;" }:a (pﬂ - [)/I)

represents the internal thrust R of the jet nozzle. Consequently,

nozzle

Rnozzle = RWeighing element +Ro+Flpi— pu), (3.3)
= U Fo(p.—
Rnozz]e knozzle(Uweighing element R ey 20
where Uweighing element = reading of potentiometer for tests in millivolts;
UO = reading of potentiometer in millivolts determined for the given

bridge from the calibration curve for zero consumption;
value of the calibration coefficient corresponding to the
thrust of the jet nozzle.

When the reverser was tested, the directions of the action of the forces
and Ra were changed. Taking the same expression as for

knozzle

Rweighing element
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positive thrust to be designated as internal negative thrust of the reverser

Rrev’ we get for determination of Rrev the following expression:

R =R . .
rev weighing elements —Ry—F (p— Ps)s (3.4)

Rrev kscreenUweighing element knoz. Uy—F (pe— Pu)-

When the experimental results were interpreted, determination of consump-
tion was carried out under the formula

G:G, - pO_ ’
V' To
where Py and TO = measured total pressure and braking temperature, respective-

ly. The values of G' were found from the ratio Apinlet/po from the calibration

graph.

testi ifi ici R . oo
In nozzle testing the specific thrust coefficient RspelelC nozzle thrust

and the consumption coefficient u were calculated:
nozzle
R _ Rnozz]e _ G 2271
spec.noz.thrust G * Mhozzle T 02X 2 ,
. . 39%;a*kideal veloci ty ideal velocity
. . = 0. Po
ideal velocity VT 7(*jdeal velocity)Fnozzle
Here a, = critical velocity of sound; Aideal velocity = coefficient of velo-

city corresponding to total adiabatic expansion down to the pressure Py-

The values of the reverse coefficient ﬁ&ev and the consumption coefficient

G were found for reversers.
rev
Method tests. The aim of the initial methods tests of nozzles was com-
parison of characteristics with data obtained on other experimental stands.

The tests were conducted with different constricted nozzles. Figure 3.3
presents experimental data for several constricted nozzles of the reverser
models investigated. A curve plotted from the numerous results of constricted
nozzle tests on other weighing stands was drawn on the graph. This curve is
valid for nozzles which have an angle of nozzle generatrix to its axis

O ozzle = 0-20°. It is obvious that for certain measurements of the specific

thrust coefficient

specific nozzle thrust’
+1%, while the average R

the scatter of the points is about

specific thrust values evidence the fully satisfactory
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agreement of results. Since the stand was chiefly intended to test reversers,
we can deem the precision of thrust measurement attained as wholly applicable.

enoz=20° §, 32° oon? mtgr?
L A Q 7; 39° 72&475
8 S 8 NS e
S| 4 48 S > S
S = S §‘ S
I L — 43° | 38
7 2 g

n*
nozzle

Figure 3.3. Specific Thrust Coefficient as a Function of Extent of Pressure
Reduction for Several Constricted Nozzles: , Standard Curve ; A, Nozzle
I of Reverser Containing Cylindrical and Conical Shutters; 0, Nozzle 2 with
Central Body Installed; O , Nozzle 3 of Reverser with Connecting Pipes.

The curve plotted in Figure 3.3 can be considered as standard. Thrust
characteristics of the corresponding constricted nozzles were determined from
it in interpreting materials of reverser tests, which precluded errors in
measurement of positive thrust associated with the data of a particular test.

Figure 3.4 presents a curve of the consumption coefficient as function of
the angle of inclination of the generatrix of the conical nozzle to its axis
for values of the extent of pressure reduction, upon the exceeding of which

the value u did not depend on 7* . Experimental data of G. Shirer
nozzle nozzle

and R. Gray, eminent from textbook literature were plotted on the graph (cf.,
for example, [5]), as well as data of tests conducted by other authors.

Points for the investigated nozzle 1 (Figure 3.3) with enozzle = 20° and

for a constricted profiled nozzle shown in Figufe 3.4 were plotted on the

graph. When 8 ozzle = 0, the data was presented also for several supersonic

nozzles tested on another stand by other authors.

As we know, the consumption coefficient of the supersonic nozzle depends
on the method by which its subsonic section was profiled. If the contour of /80
the subsonic section was profiled. If the contour of the subsonic section
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traced the Vitoshinskiy curve or was made of sections of arcs of circumference,
the consumption coefficient will be a value on the order of 0.995-0.998.

Onozzle

Figure 3.4. Consumption Coefficient as a Function of the Angle of Inclination
of the Generatrix of the Conical Nozzle to its Axis: x, Data of Shirer and
Gray [5]; @, Data for Nozzle No. 1 in Figure 3.3; M, Data for the Nozzle
Shown in the Figure; [, Data for this Nozzle lnvestigated on Another Stand;
0, Data of V. T. Zhdanov for Constricted Nozzles; A, Data of V. T. Zhdanov
for Supersonic Nozzles.

It follows from the figure that the values of Hhozzle of the nozzles

studied satisfactorily fit the scattering band of the experimental points of
a variety of authors (z1%).

Let us note one fact. Owing to the radial inlet of air into the rocking
section of the unit, as indicated in describing the stand, the inlet momentum
upon examination of forces acting on the sliding cylinder is excluded. There-
fore, the value of the consumption does not enter into the expression for cal-
culating thrust and the error in measurement of consumption does not have an
effect on precision of thrust measurement. Error in consumption measurement
does have a bearing in determination of the coefficients R s

spec.nozzle thrust

n .
H » and Grev

, R
nozzle rev
In the course of the study repeated tests were made of the same models.
We will consider a few examples.

Figure 4.10, b and c present curves of the reverse coefficient as func-
tions of the extent of pressure reduction for one of the reverser schemes in-
vestigated. The tests were conducted at different times for the same calibra-
tion of the stand. Similar curves are plotted in Figure 3.5 for another model.
In constructing the curves, data of two different tests for different
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calibrations of the stand were used. We can note the agreement of results
fully satisfactory for practical use. It is obvious that in testing reversers /81
the absolute error in an individual measurement of the reverse coefficient is

about +0.01 E;ev unit. However, the relative error obviously is higher owing

to the lower values of the reverse coefficient compared to the thrust coef-
ficients of the corresponding nozzles. The absolute error in measuring posi-

tive or negative thrust, determined from the result of repeated tests can

be estimated as +0.005 R . s and R unit. For the given
specific nozzle thrust rev
reverser this is graphically evident upon comparing the curves shown in Figure

3.5, Y
Rrev

03
%pﬂgﬂwwﬂoo\a%%

fan}
gal . U o
! ¢ ; Wzozzle
R a
Rrev )
03[ - Co —
]
ﬂw&“‘%"’ﬁgﬁﬁ&/\
“%:OHQ "~ ’ i -
(114 U
1 2 3 ™
b) nozzle

Figure 3.5. Reverse Coefficient as the Function of Extent of Pressure Reduc-
tion. Model of Reverser with Connecting Pipes: 0, Measuring Bridge 1; A,
Bridge 2; [, Bridge 3; a, First Test; b, Second Test; 1, Curve Based on Data
of First Test.

Thus, method tests reveal the possibility of obtaining wholly reliable
results on this stand.

§4. Exhaust Systems of Stands in Testing Engines Equipped with Reversers

The emission of gases in several directions is one characteristic of
stands for testing engines equipped with reversers. The reception sections of
the exhaust system of these test stands must effectively divert gases and must
not have an effect on precision of thrust measurement. A diagram of such a
stand is shown in Figure 3.6. Gases escaping from the deflecting screens 1
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and the jet nozzle 2 are directed to the exhaust pipe 3. Owing to the high
gas velocity in the entry section of the pipe 4 rarefaction can be induced.
This may have an effect on precision of thirust measurement. This effect de-
pends on the ratio of 1/D , where 7 = distance from end face of the ex-

nozzle
haust pipe up to exhaust section of the jet nozzle, and Dnozzle = diameter of
jet nozzle!. Precision of thrust measurement can also be effected by the

distance a.

Rrev
oy ,
10 T~ Lﬂ el LA ﬂ*=2.2
A nozzle
Qg_\# 3
J] * =789
10 o - To W WG W nozzle
03
06 -04% ~0,2 g 02 04 1/D
nozzle

Figure 3.6. Diagram of Exhaust System of a Stand Used in Testing Engines
Equipped with Reversers, and Relative Value of Negative Thrust as a Function

of the ratio Z/D for Different Values of a/b and u* : 1, Deflecting
noczzle nozzle

Screen; 2, Jet Nozzle; 3, Exhaust Pipe of Stand; 4, Inlet Section of Pipe;
0, a/b =1.92; A, a/b = 0.40.

A reverser model around which the exhaust system was arranged was investi- /83
gated in determining the maximum values of the exhaust system parameter under =~
which the effect of stand elements on thrust measurement precision would be
absent. The tests of this model were conducted on a stand described in §3 of
this chapter. The model made it possible to vary the dimensions 7 and a with-
in wide limits. The results of the tests are plotted in the same figure where
the relative values of the measured negative thrust as functions of the ratio

*The relative dimensions in fractions of D are shown in the figure.

nozzle
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= 1.8 and n* = 2.2 are given. The effect of the

*
Z/Dnozzle at TTnozzle nozzle

variable Z/Dnozzle on the results of thrust measurement becomes appreciable

only when the exhaust cross-section of the nozzle extends within the exhaust

pipe and the ratio Z/Dnozzle < -0.2.

It is also clear from the figure that when a/b = 0.4-1.9, the reception
sections of the exhaust system do not have a bearing on the results of nega-

tive thrust measurements.
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CHAPTER IV
EXPERIMENTAL STUDY OF REVERSERS ON MODELS
§1. Reversers with Shutters Located Aft of the Exit Section of the Jet Nozzle /84
Reversers with Cylindrical Shutters
This kind of reverser consists of cylindrical shutters, located in inopex
ative position in the space between the jet pipe of the engine and the engine

nacelle. When the reversers cut in, the shutters are shifted aft of the exit
section of the jet nozzle and are tilted, discharging the stream in the reverse

direction (Figure 4.1).

Figure 4.1. Diagram of Reverser with Cylindrical Shutters: 1, Engine Nacelle
(Aircraft Fuselage); 2, Reverser Shutter in Gathered Position; 3, Jet Nozzle;
L, Ejector; 5, Shutter in Extended Position; 6, Shutter in Working Position;
0, Center of Rotation of Shutters.

Reversers of this type are applicable for thrust-augmented engines and
engines without afterburner. In the absence of an ejector, the elements 4
can be considered to be the engine nacelle or the fuselage of the aircraft in
the case of engine without afterburner.

Three reverser models with cylindrical shutters (Figure 4.2) investigated
on stand No. 2 were built with an angle of shutter inclination Bgas of 30°,

45° and 60°. It is obvious that to ensure exiting of the thrust from the re-
verser of this type at a specific angle, the shutters must have some guide
section of length E. To reduce the effect of this parameter on the results of
investigation for different shutter arrangements relative to the exhaust sec-
tion of the ejector, the length L was taken to be large enough in order that
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for all values of x the value of E/7l will be greater than zero. All the

shutters have the same dimension H(H/Dnozzle = 1,06). The fourth and fifth

models with angles Bgas = 30° and 40° (H/D = 1.8) were investigated on

nozzle
the stand No. 1(§3, Chapter IV).

The curves of the coefficient ﬁ;ev as a function of the extent of pres-

sure reduction plotted in Figure 4.3 can be viewed as typical for the revers-
ers investigated. For a certain value of the extent of pressure reduction a
maximum reverse coefficient is observed. A trend toward shifting of the max-

imum toward the side of lower “;ozzle values with decrease in shutter in-

clination angle has been noted.

Tests of reversers for different shutter arrangements relative to the
exit section of the ejector revealed that, starting with a certain value X,

a decrease in the consumption and reverse coefficients was observed (Figure

4.4). The reduction in the RreV values was accounted for mainly by the drop

in the consumption stemming from the variation in the minimum through cross-
section. For values X < 0, the minimum through section lies between the shut-

ters and the ejector. The consumption coefficient G}ev < 1. When the shut-

ters are sufficiently removed from the exit cross-section of the ejector, the
exit cross-sectional area of the nozzle proves to be critical. Therefore, the
values of the consumption coefficient when X > 0.2, equal 1.0. A reduction

in the through cross-sections when §'§_0 leads to a rise in pressure in the

jet pipe (Figure 4.5). Thus, reversers located aft of the exit cross-section
of the nozzle are characterized by the fact that they deflect in the reverse
direction the stream accelerated in the nozzle up to a high velocity.

When the shutters are sufficiently removed from the exit cross-section of
the ejector (X > 0, Figure 4.6), for the greater part of its length the pres-
sures are almost identical, and the velocity is low. The velocity increases
with increasing proximity to the exit from the reverser. As a whole, the
pattern of pressure distribution is analogous to that observed for gas escape
from a constricted nozzle. With increasing proximity of the shutters to the
ejector, the zone with reduced pressure is widened, and the velocities at the
exit sections rise. Consequently, the negative thrust built up by the rever-
ser shutters is reduced. When X = -0.195 and X = -0.39 at the exit section of
the shutters, re-expansion of the stream is observed. This stems from the
fact that a constriction is formed between the shutter and the ejector, beyond
which the through section becomes greater. There is a shock wave obviously
located between the drainage points 5 and 6 (X = -0.39). The situation here
shows some parallel with escape from a Laval nozzle in nonrated regimes. The
presence of shutter surfaces on which the pressure is less than in the sur-
rounding environments naturally additionally reduces the negative thrust of
the reverser. Reduction in the reverse coefficient proceeds to a greater
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extent, the more sharply the consumption coefficient is reduced (cf. Figure
4.4).

The optimal shutter position must be held to be that at which the maximum
reverse coefficient is attained for a consumption coefficient equal to unity. /89
In the case under consideration, this position corresponds to x & 0.2. 1In
this position the shutters have a certain directing section at the exit for
the shutters with Bgas’ equal to 30°, 45° and 60°, equal to, respectively,

L/7 = 0.73, 0.50 and 0.35.

Figure 4.2. Experimental Model of the Reverser With Cylindrical Shutters
Tested on Stand No. 2.

Figure 4.2 Continued on next page...
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(Continued)

Figure 4.2.
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Figure 4.3. Reverse and Consumption Coefficients for a Reverser with Cylind-

rical Shutters as Functions of the Extent of Pressure Reduction: O,®, Bgas =

= 30°; DA Bgas = 45°; 0. @, Bgas = 60°. (The Blacked-in Symbols Refer to
the, Results of Repeated Tests).

For great separation of shutters from the ejector and when the guiding
section of the shutters is reduced in extent, a reduction of the reverse co-
efficient is possible owing to streaming of the jet stream. However, this
position of the shutters, leading to an increase in reverser over-all envelope
dimensions, is not of practical interest.

When the angle of shutter inclination is reduced from 60° to 45°, the /90
reverse coefficient rises (Figure 4.7). This figure shows plots of experi-

mental points for reversers with cylindrical shutters B = 306° and B =
gas gas

= 40° tested on stand No. 1 in the absence of bypassing of gases in the
straight-line direction through shutter slits. Without going into a detailed
comparison of the results that stem from the difference between models in a
number of geometric parameters, we merely observe that the resulting reverse
coefficient values are close together.

Figure 4.8 presents data on the relative variation of the reverse coef-

ficient Aﬁ;ev as a function of relative consumption aglit through the slit

between throttling shutters:
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Figure 4.4. Consumption Coefficient and Relative Values of Reverse Coef-
ficient for a Reverser with Cylindrical Shutters as Functions of the Parameter

% (= = 2.0). (The symbols are the same as those in Figure 4.2.)

nozzle

Here the subscripts *0" and '"slit" correspond to reverse coefficients
without slit and with slit. In the calculations, the coefficients Molit of /91

consumption through the slit and opening were based on the data of G. A.
Dombrovskiy [5]—-uSlit = 0.75. Some mean value of the consumption coefficient

was adopted for the nozzles (u = 0.98). It is clear from the figure

nozzle
that bypassing of gases in the straight-line direction, for example, owing to
leakage through loosely collected shutters can substantially reduce the /93
reverse coefficient.
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Figure 4.5. Distribution of Pressure Along the Nozzle of a Reverser with
Cylindrical Parameters with Bgas = 30° for Different Shutter Positions.
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4, x = -0.390.

™

Experimental points for a fourth and a fifth model were plotted on the
graph. We can note the satisfactory convergence of the results. Also plotted
on the figure were results of a test made of a model with deflecting screens
and throttling diaphragm.

We can see that the functions R = f(G_,..) are linear to the first

rev slit
approximation.

Reversers with Conical Shutters
A reverser of this type, whose diagram is shown in Figure 4.9, consists
of part of the engine nacelle which is rotated and shifted aft of the nozzle

in its working position. The rotating flap 5 discharges the stream in the
reverse direction.
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T o~

S S
Length of Shutters i

160 240

= 30° for Different Shutter Positions.

R
rev

n mm

06

051

30

40

S50

gas

Distribution of Pressure Along Cylindrical Shutters with 8 as =

gas

Figure 4.7. Reverse Coefficient
as a Function of the Angle

B of Cylindrical Shutters
gas

(m* = 2.0): o, for Models

nozzle
Tested on Stand No. 2; e, for
Models Tested on Stand No. 1

(Fslit = 0).

81



rev

E‘ _ GS]it
slit G

nozzle
Figure 4.8. Relative Reduction in Reverse Coefficient as Functions of Rela-
tive Consumption Bypassed in the Straight-line Direction for Different Rever-
ser Schemes: Models with Cylindrical Shutters (c. sh.), Tested on Stand No.2:
o = o, ¥ = . = °. Y x0.1: = O._N_ .
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Models with c. sh. (Bgas = 40°) Tested on Stand No. 1: e, x = 0; o, x = 0.21.

Taking account of the

! 2 g results of the studies of
1{_ 0 B reversers with cylindrical
- P shutters, tests with conical
%;ﬁ ¢ shutters were conducted for
\ = the values X = X/Dei(p for
\ d which the equality G =1
K rev

was satisfied (X ~ 0.2). For

o = 85° this is obvious for
example, in Figure 4.10,a.
The curves of the reverse
coefficient is a function of
extent of pressure reduction
mainly run similar to those
indicated earlier for cyl-
indrical shutters. We must
note the more appreciable
reduction in the reverse
coefficient when

Figure 4.9. Diagram of Reverser with Conical
Shutters: 1, Engine Nacelle (Fuse]age of Air-
craft); 2, Shutters in Non-working Positions;
3, Jet Nozzle; 4, Ejector; 5, Flap; 6, Shut-
ters in Working Position; 0, 0', Centers of
Rotation of Shutter and Flap, Respectively.
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o

“;ozzle > 2-2.2 in the case of a model with o = 55°, where the reduction of

R is the more noticeable the smaller the angle B (cf. Figure 4.10, c).
Tev gas

A tendency toward a shift in the maximum R toward the side of lower n*
rev nozzle

with a decrease in Bgas was also noted in all the reversers. The effect of the

flap inclination angle shows up in reversers with conical shutters differently,
depending on the shutter inclination angle (Figure 4.11).
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Figure 4.10. Reverse Coefficient
and Consumption Coefficient for
Reversers with Conical Shutters as
Functions of Extent of Pressure
Reduction: a, a = 85°; b, a = 70°;
¢, a = 55°. (The Different Ex-
perimental Symbols Correspond to
Different Tests.)
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Figure 4.11 shows plots of experimental points for a model tested on
stand No. 1, and also based on material known from the literaturel. The level
of the attained reverse coefficient is approximately the same.

ey ° The maximum reverse coefficient values
correspond to relatively small angles Bgas’
0,7 which must be avoided in order to reduce the /96
o . probability of the ingestion of exhaust gas
\\\T>§“’*5 at the engine inlet. However, in actualgprac—
f;w*‘kr\\\ tice a reverse coefficient equal to about 0.5 is
NT hecessary, which can be attained in this scheme
for values of B applicable in practice.
0,6 7N gas
Rrev-ﬁéx . .
\\ §2. Reversers With Deflecting Screens Located
‘:!:§:> Forward of the Exit Section of the Jet
e . Nozzle
A/\a=55
05LL A3 Schemes of Reversers in Nozzles Enclosing
0 2 30 40 pgas a Central Body
Figure 4.11. Reverse Coef- Figure 4.12, 4.13, 4.14 and 4.15
ficient as a Function of the present several possible schemes of re-
Angle Bgas of Inclination of versers for a nozzle enclosing a central
Reverser Flaps with Conical body in which deflectl?n of the stream is
Shutters (m* = 2.0): attalneg at the screen's 4 (Figure
nozzle 4,12) with a subtended angle 6, located
e, Results of Tests of the in the subsonic section of the nozzle,
Model on Stand No. 1; A | and covering of the screens in the direct
Data Known from the Literature thrust regime and partitioning of the gas
(a = 55°, Bgas = 48°). duct in thrust reversal are accomplished

mainly by shutters of the type used in
nozzle regulation.

As we know, the control range of shutters characterized by the ratio of
diameters DO/Dl (See Figure 4,12), depends substantially on the extent of over-

lapping 6 of the shutters and on their number. For overlapping equal to zero,
independently of the number of shutters the control range is 2.0. The neces-

sity of overlapping of shutters reduces the possible control range. When spec- /97
ial types of shutters affording limited overlapping are developed, the control
range can be high enough. The DO/D1 values for a designwise minimal overlapp-

ing § = eD,, where e ~ 1/30, are presented below for different numbers i of

0
shutters.

lFlight, 30/IV, No. 2362, pp. 540-541, 1954.
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Figure 4.12. Scheme | of a Reverser

) in a Nozzle Enclosing a Central Body

! Variant 3 With Shutters 1 of the Reverse Regulat-
ed Nozzle Type or Individual Tilting
Flaps 2 and 3 Covering the Deflecting
Screen 4 and Throttling the Gas Duct.
The Variants Differ in Placement of the
Screen in the Jet Pipe: 1, Around the
Central Body; 2, In the Jet's Tube;

3, Aft of the Turbine.

As the calculated extent of pressure reduction is reduced, the diameter
of the central body rises, and consequently, the angles of shutter deflection
in their extreme positions and the required control range are reduced. There-
fore, in the schemes considered below practically the entire consumption can be
used in producing negative thrust.

In scheme I (cf. Figure 4.12), the deflecting screens, when the reverser
is not operative, are covered by the shutters 1 of the reverse control nozzle
type, which upon cut-in of reverser also serve the function of a throttling
element. Shutters covering the deflecting screens in Scheme No. 1 can be made
also in the form of individual tilting flaps that do not interlock. Such flaps
are also schematically shown in Figure 4.12. The main flaps 2 cover the inlet
section of individual deflecting screens. Additional flaps 3 serve only to
partition the gas duct.
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Variant 1 Variant 2

Figure 4.13. Scheme Il of a Reverser Equipping a Nozzle Enclosing a Central
Body Fitted with Tilting Flaps 1, Covering the Deflecting Screen, and with
Flaps 2 of the Regulated Nozzle Throttling the Gas Duct. In Variant 1 the
Screen is Located About the Central Body, and in Variant 2 in the Jet Pipe.

In Scheme II (Figure 4.13) the screens in the positive thrust regime are
covered by flaps 1, located in this positjon flush with the jet pipe, and throt
tling of the gas duct is accomplished by shutters 2 of the controlled jet

nozzle.

The reverser can be built without shutters or flaps (Figure 4.14).
Screens in Scheme III can be covered by cylindrical flaps (slides) 1 tilting
about the jet pipe axis or by cylindrical flaps 2 that are capable of longi-
tudinal sliding, and the gas duct is throttled just as in Scheme II.

Variant 1 Variant 2

A,

‘.- _

72? 4% %,
&
O

Figure 4.14. scheme Ill of Reverser of Nozzle tnclosing Central Body With Tilt-
ing Cylindrical Flaps 1 or Cylindrical Flaps 2 that Move Longitudinally. In
Variant 1 the Screen is Located Around the Central Body, and In Variant 2 --

in the Jet Pipe.

TN
4

As variants of Schemes I, II and LII, we can consider the placement of
deflecting screens quite removed from the central body. In the case of Variant
2 of Scheme I (cf. Figure 4.12) throttling of the gas duct is accomplished by
shutters of the jet nozzle. When the screens are placed in direct proximity
aft of the turbine (Variant 3}, throttling of the gas duct can be easily
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achieved with the shutters 1 owing to the presence of a spinner. Then there
is no need to partition the gas duct with jet nozzle shutters. In Variants 1
and 3 of this scheme, individual tilting flaps can also ensure practically 99
complete partitioning of the gas duct. T

One can imagine a scheme IV of a reverser in which the screens are cover-
ed by means of cylindrical shutters (Figure 4.15) tilting about axes lying in
the rear section of the screens (Variants 1 and 2) oxr about axes situated near
or on the engine axis (Variant 3). In the latter case, when the reverser is
cut-in the flaps are tilted in the reverse position compared with Variant 1. /100
In Scheme IV the cylindrical flaps can be designed in such a way as to ensure
complete (or almost complete) partitioning of the gas duct even without shut-
ters of the jet nozzle.

Varliant 2

Figure 4.15. Scheme IV of Reverser of a Nozzle Enclosing a Central Body with
Cylindrical Shutters Tilting about an Axis Lying in the Rear of the Screen
(Variants 1 and 2) or about an Axis Lying in the Axis of the Jet Pipe (Variant
3).

Schemes of Reversers of a Constricted Nozzle

Figure 4,16 presents schemes of investigated reversers with deflecting
screens in which the same throttling elements were used as in the investigated
schemes of the nozzle with a central body.

In Scheme A when the deflecting screens are located aft of the turbine,
shutters 1 of the reverse regulated nozzle type ensure total partitioning of
the gas duct. When the deflecting screens are placed in the jet pipe far re-
moved from the turbine, these shutters do not partition the gas duct completely
(Scheme B). Thus, when there are eight shutters about one-third of the gas
duct proves to be unpartitioned.

In Schemes C, D, and E with cylindrical shutters as indicated above, it
appears possible to attain practically complete throttling of the gas ducts.
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In Scheme F with cyl-
indrical flaps and throttl-
ing of gas duct with jet
nozzle shutters just as in
Scheme B, bypassing of gases
in the straight-line direc-
tion remains.

Experimental Models /101
Experimental studies
were conducted on models
shown in Figures 4.17 and
4.18. In the models of
group No. 1 (Figure 4.17)
the screens were made of
leaf-type profiles, and in

Figure 4.16. Schemes of Investigated models of group No. 2 (Fig-
Reversers of a Constricted Nozzle: A, B, ure 4.18)--of profiled

With Shutters 1 of the Reverse Regulated vanes. The central body in
Nozzle Type; C, D, E, With Cylindrical the nozzle of the model was
Shutters 2; F, With Cylindrical Flaps 3. made in a simplified form.

Experiments showed that re-

placement of a profiled

central body with a contour
close to the calculated design did not lead to an appreciable variation in
thrust characteristics of the nozzle. We also know that complete removal of
the supersonic section, and also the subsonic section, and placement instead of
a central body of a disk increases thrust losses at the design point by ap-
proximately 1.5%. To reduce the nozzle envelope, the central body was selected
with a truncated cone. The cone was built in such a way that its tangency with
the jet nozzle shutters for the permissible shutter control range was ensured.

A cylindrical section, where the deflecting screens were located, was
situated forward of the critical section of the nozzle. It was assumed that
the cylindrical position of the necking [shell] of the models in group No.

1 corresponded to performance of an engine with afterburner. The operating
regime of the reverser is the usually rated engine performance regime in which
the area of the critical nozzle section is about 1.7 times less than the noz-
zle area with afterburner. This was how the critical nozzle section of the
model was estimated and how the appropriate shutter position was found.

From the viewpoint of weight reduction, it is desirable to have short
shutters. However, when these shutters are used the tilting angles are in-
creased, which gives rise to difficulties in production of required seals and
in prevention of leakage. In addition, when the shutters are too short it can
prove impossible to partition the gas duct of the engine. In this model, the
center of shutter rotation is taken in such a way that the angle of shutter
deflection from the position corresponding to afterburner up to the rated value

is about 30°. Here the control range Daft/Dnozzle ~ 1.8 (cf. Figure
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4.12). When the reverser was built under Scheme II, D /D also
nozzle screen

~ 1.8. In Scheme II, when the shutters were tilted in the afterburner posi-
tion, gaps inevitably appeared between the shutter strips. This scheme, with

the value of the D /D ratio limited in practice, can be viewed as
nozzle  screen

applicable to engines without afterburner.

Figure 4.17. Experimental Models of Group No. 1 With Deflecting Screens Made
of Leaf-Type Vanes: a, Scheme |, Variant 1; B, Scheme |, Variant 2; ¢, Scheme
It, Variant 1; 1, Cone Modeling Shutters of the Reverse Control Nozzle Type;
2, Strips Modeling Tilting Flaps.

The models were built dismountable, which made it possible to place the
cylindrical part of the models with deflecting screens in different positions.

Effect of Angle of Stream Exit from Deflecting Screens on Rrev

Screens with design angles B of vanes at an exit equal to 35°

vanes
(Screen I), 50.5° (screens II and III), and 67° (screen IV) were constructed

for models in group No. 1. The vane profiles were constructed leafwise, that
is, of sheet material. The area of the exit sections of the screens compared
with the nozzle cross-sectional area was increased for the screens 1, II, and
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IV by 1.3; 1.2, and 1.1 times, respectively. For all the models the subtended
angle 0 was taken as 110°.

WSS
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Figure 4.18. Experimental Models of Group No. 2 With Deflecting Screens Made
of Profiled Vanes: a, Scheme |, Variant 2; Scheme 1V, Variant 2; b, Scheme B,
D, E, (Figure 4.16); c, Scheme A (Figure 4.16); 1, Cone Modeling Shutters of

the Reverse Regulated Nozzle Type; 2, 3, Cylindrical Shutters; (3¢ in Turned

Position).

The inlet section of the duct was profiled to ensure shockless stream
inflow. The angle Binlet of the vane at the inlet was taken as equal to the

angle of a cone modeling shutters of the reverser: for screen I--40°, and for
screens II and IV--56° (Figure 4.19). The angle of profile placement ¢ was
taken as 10°. The number of ducts was selected in such a way as to have close-
ly grouped values of screen density c/t.

A variant of screen II was constructed--screen III, differing from the
former in the number of vanes. Two vanes were installed instead of three.

Geometric parameters of the screens of group No. 1 models are listed in
Table 2.

Finlet/FZ = ratio of areas of inlet and exit /105

cross-sections. It is obvious that all screens,with the exception of screen
1V, formed convergent ducts as a whole.

Here z = number of ducts;
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Screen 17

Screen/V
t=907

Screen 7 i’I

Figure 4.19. Sketches of Deflecting Screens and Vanes of Group No. 1 Models.
_ B TABLE2
‘— Screen. dvane % inlet ¢/t o Finlet/Fo
|
1 35 40 1,81 6 1,12
i 50,5 56° 1,79 + 1,075
111 30,5 aG° 1.3 3 1,075
v 67 36° 16,8 3 0,912

Tests of Group No. 1 models revealed that consumption through reversers
proved to differ for all screens from the consumption through the nozzle when
the nominal shutter position was adopted. Since this investigation was not
related to any specific equipment layout, the characteristics of the correspond
ing nozzle were determined by calculation based on the measured consumption
through the reverser and on the R . values obtained from

specific nozzle thrust
the curve in Figure 3.3.

Curves of the reverse coefficient as a function of extent of pressure
reduction are plotted in Figure 4.20 for a model constructed under Scheme I,

Variant 1, with screens I, II, III and IV. As indicated, provisionally Grev =

1. Since the entire consumption in the model was directed to the deflecting
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screens, the resulting values of the reverse coefficient for this structure
are the maximally obtainable.
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Figure 4.20. Reverse Coefficient as a Function of Extent of Pressure Reduction
for a Reverser of a Nozzle Enclosing a Central Body with Different Deflecting
Screens. Scheme |, Variant 1. Mean Values of Two Tests: o, screen |; A ,
Screen I1; O, Screen lIl; ¢, Screen IV,

From inspection of the curves it is clear that smooth maxima of the re-
verse coefficient are noted at low degrees of pressure reduction. When the

extent of pressure reduction rises past ﬂ;ozzle = 2.0 (for most screens), the

reverse coefficient is markedly reduced. The curves are representative of a
reverser with deflecting screens made of leafwise profiles constructed under
Scheme I. The greater the angle of stream exit from the screens, the lower the
values of the reverse coefficient. 1In a reverser with screens III that have
lower density compared to screens II and as a consequence somewhat greater dif-

fusivity, the reverse coefficient in the entire range of ﬂ;ozzle is lower than

with screens II. This pattern in the curves that we have noted is accounted
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for by variation in the angle of stream exit from the reverser (cf. Figure 5.5.
Analysis reveals that a reduction in the reverse coefficient occurs to a lesser
extent than a reduction in the cosine of the angle of stream exit. This
means that losses of total pregssure are reduced with a reduction in the angle
of stream deflection in reverser screens.

Effect of the Ratio of the Sides of Deflecting Screens on Rrev

When building a reverser the given area of the deflecting screen exit
cross-section can be obtained for different ratios of the screen length a (in
the direction of the engine axis) and its width b (Figure 4.12). For a given
screen density, its elongation involves increasing the number of ducts in it.
Widening the screen leads to a transition to large subtended angles 6. Screéen
width is related to subtended angles by the self-evident ratio b = D/sin 6/2,
where D = external diameter of the screen (jet pipe).

The effect of the subtended angle of the screen and of the number of
channels in the screen was explored on Group No. 2 models (cf. Figure 4.18),
corresponding to Variant 2 of Scheme I. The deflecting screens in this model
group were composed of profiled vanes. A turbine screen of the jet type with

. r - . ~ Q -
a design screen angle f%creen = arc sin agas/t 31°, was selected, that is,

a value close to the angle By ane for the screen with the leafwise profile.

The density of the deflecting screens of well-known reversers varies
within wide limits--from 1 to 2.0. Some mean value ¢/t = 1.26 (t = 13.7 mm)
was selected, which from data of a study made of a series of flat turbine
screens, for a constant angle of stream exit corresponds to the minimum total
pressure losses. Intervane channels formed by these profiles are smoothly con-
stricted and have a ratio of inlet and exit section areas of about 1,25,

Since the exit section area of the deflecting screens for reversers dif-
fering in the reverse coefficient will be different, the effect of the a/b
ratio was conducted with deflecting screens for a series of relative area val-

ues F2 = FZ/FO, where FO = cross-sectional area of jet pipe (Table 3).

TABLE 3

Fy 0.233 ( 0,470 | 0,465 | 0,720 | 0,707 { 0,996 | 0,996 | 0,958 | 0,885

0 35 110 110 110 55 180 150 110 55

z 6 4 6 6 12 5 6 8 15
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A screen built of circular vanes, that is, with a subtended angle for
both screens of 26 = 360°, will scarcely be of practical importance, though it
does afford some interest as a limiting case of the screen in which the effect
of end faces is done away with and circular symmetry énsured.

Figure 4.21, 4.22 and 4.23 present plots of curves of the reverse coef-
ficient as functions of the extent of pressure reduction for model reversers
differing in the ratio of deflecting screens sides, that is, in the subtended
angle and in the number of channels in the screens. We can see that when

W;ozzle is increased there is a general tendency toward a reduction in reverse /10¢

coefficients. Comparing these curves with similar functions for reversers con-
structed under the same scheme, but in which screens are made of leafwise pro-
files, we can spot several points of difference. Minima of the reverse coef-
ficient, whose positions vary depending on thé subtended angle of the screens
and the number of channels they inclose, is observed on several curves con-
structed from the results of repeated experiments, in the range of pressure

decreases T* = 1.7-2.5. These minima are found at smaller r* values,
nozzle nozzle

the smaller the relative area F.,: when 7* ~ 1.7-2.0 and ., ~ 0.470
2 nozzle 2

3 . * ~ - = ~ .

(cf. Figure 4.21); when mozzle = 2.2-2.5 and F2 ~ 0.72 (cf. Figure 4.22) and

when n* ~ 2.5 and F, ~ 1.0 (Figure 4.23). The sizeable decrease in the
nozzle 2

reverse coefficient when short screens with a small number of channels (6 =

= 110°, z = 4, Figure 4.21) are used is quite marked.

Available experimental material does not allow us thus far to give a /110
satisfactory explanation of these features of the characteristics. In fact,
the subsequent reduction of the reverse coefficient finds an explanation in the
tilting of the stream in the oblique cross-section of the screens (cf. §1,
Chapter V).

A rise in the reverse coefficient is observed for all values of the rela-

tive area F2 when the screens are elongated, that is, when the subtended angle

is reduced (see Fig. 4.21) and with a reduction in subtended angle and an in-
crease in number of channels (cf. Figures 4.21, 4.22, and 4.23). This is
graphically evident from Figure 4.24, where the values Rypgy are given in the

functions of the screen subtended angle for different relative area values. It
also logically follows from this figure that for a given screen subtending angle,
higher values for the reverse coefficient are reached in reversers that have /111
large Fp values.

The material given here allows us to draw a conclusion about what the
rational ratio of the deflecting screen sides for reversers of the type under
consideration is. To reach high reverse coefficient values it is best to use
screens that are extended along the engine axis (Figure 4.25). We can see in
this figure that starting with the value a/b =~ 1 a further rise in a/b does not
give us much added advantage. We take note that from the design point of view
use of screens that extend along the engine axis is not favorable, since c¢his
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leads to higher longitudinal overall dimensions of the engines and hampers
closure of screens in direct thrust regimes. The screen subtended angle is
best chosen as not greater than 110-120°
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Figure 4.22., Reverse Coeffi-

cient as Function of the Extent

of Pressure Reduction for Re-
versers of a Nozzle Enclos-
ing a Central Body and for
a Constricted Nozzle for
Different Subtended Angles
of the Deflecting Screen and
the Number of Channels En-
closed Therein. (F=0,7).

Figure 4.21. Reverse Coefficient as Functions
of the Extent of Pressure Reduction for Re-
versers of the Nozzle in Closing a Central
Body and for a Constricted Nozzle for Dif-
ferent Subtended Angles of the Deflecting
Screen and for Different Numbers of Channels
Inclosed in the Screen (F2 <.0.47). Scheme 1,

Variant 2: 41— 0=35°, z 6 {F,+-0,232); [ —0-70°, 26 (F,= .
C0AB3): - 6110, z 4 (F=0,470). Scheme |,Variant 2: cg—o..55,
Scheme 1V, Variant 2: ® =00 z=4 (F. 0470 212 (Foer 00015 0. 0.2~ pj ffer-
/ Bl--0--70°, z +6 (F,=0,465).

ent Tests o -1i0°, z=6 (F,-.0,720)

Scheme A (Fig. 4.16):
1, Curve for the Reverser Constructed Under Scheme A, (Fig. il]6):
© —0-110°, 256 (F =

Scheme No. 1, Variant 2, with Screen 1 Made ~0,720)
of Leafwise Profile.

Effect of the Method of Profiling Deflecting Screen Vanes on E}ev

The material we have looked at allows us to determine whether it is pro-
fitable to use profiled vanes instead of leafwise vanes in the deflecting
screens of reversers. For any given degree of pressure reduction the reverse
coefficient in the absence of direct thrust and when equal to the value of the
total pressure recovery coefficient in the deflecting screens is proportional /112
to the cosine of the angle of the stream exit:
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Rreverse, profiled -

Rreverse, leaf type

cos BB

profiled

€0S Bieaf type

Here the indices "pr'' and ''vane' refer, respectively, to screen made of pro-

filed and those made of leafwise vanes.
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Figure 4.23. Reverse Coefficient

as a Function of the Extent of
Pressure Reduction for a Reverser
Equipped in the Nozzle with a Central
Body for Different Subtended Angles
of the Deflecting Screen and the
Number of Channels Enclosed Therein
(F2 ~1). Scheme 1, Variant 2:
0 — 6=

=55°, z-15 (F,=-0,683); O -

—f = 1i0°, 28 (F.=0,938);

o — 8=150°, z::6 (F,=0,996);

a— 0-180°. z=5 (F.=-0,996).

Scheme |V, Variant 2:

. e—b=
=110°, z=6 (7,=0,958)
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Figure 4.24. Reverse Coefficient as

the Function of Subtended Angle of
Screen for a Reverser INstalled in
a Nozzle with a Central Body for
Different Relative Areas of Mini-
mum Through Cross-section of the

Screens When w* = 2.0. Scheme
nozzle

I, Variant 2. (The number of chan-
nels in the screen is indicated
close to the experimental symbol.)

Relying on the results of
measuring the stream exit angle for
a reverser constructed under Scheme
I (81, Chapter V) with deflecting
screens at 8 = 110° and z = 6, it
is easy to calculate the values of



Rreverse, profiled
parison experimental values based on data in Figure 4.22,

listed below in Table 4. This table also gives us for com-

TABLE 4.

*

14
nozzile

1,2 | 1,5 L7 | 2,0 2,25

I
I

(_R- ) 0,760 0,730 0,740 0,732 0,735
reverse profiled experi.| . S

(Rrev. profiled)ca]culated‘ 0,700 | 0,700 } 0,700 | 0,696 | 0,692

T AR @ 9,0 7,4 5,9 3,7 6,5

Tr. note: Commas indicate decimal points.

10 15 2,0 a/b

Figure 4.25. Relative Value of Reverse

Coefficient as a Function of the Ratio of
the Deflecting Screen Sides for a Reverser
Equipped in a Nozzle Surrounding a Central

0,750

0625 Body for Different Relative Areas of the
Minimum Through Cross-section .of the
o 10 ,
0s00—10 &3 - Screens and 7% = 2.0. Screens Made
3/ nozzle
of Leafwise Profiles (Scheme 1, Variant 1)
0378t - © — F, 0,442 (3, ~ 33°); V.7 —F, = 8,425
(8 =70,5°); [ -=F,. 0,375 (B =67°)
vane

Screens made of Profiled Vanes:
It follows from the table

that the difference AR in (Scheme 1, Variant 2):e—Fi=02m 0 —Firoan o
rev

Fan0,7; @—Fy 0,61 +—=F, ~0,81; P —Fy~ 0,89

the reverse coefficients when O ~—~TFant~

the extent of pressure reduc- (The values of the subtended angles and
tion corresponds to working the number of channels enclosed in the
conditions of a reverser does screens are given next to the experimental
not go beyond 6.5%. symbols).

So, the method of vane profiling in reversers that include deflecting
screens is not the governing factor in total pressure losses. Therefore, we
can use vanes of the simplest type, made of sheet material, in screens of re-
versers without any detriment to their efficiency.
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Effect of Method of Closure of Deflecting Screens and Their Placement in
the Jet Duct [Pipe] of an Engine on R e

When a reverser of a nozzle that includes a central body is constructed
under Scheme II, that is, when flaps are placed forward of the screens 1 made
of leafwise profiles instead of a cone, the character of the curves describing
the reverse coefficient as a function of the extent of pressure reduction is
somewhat modified: the maximum of the reverse coefficient shifts to large
The results of testing a reverser with re-

TT*
nozzle

motely-located flaps (Scheme III) are plotted in Figure 4.26, b.
see that the reverse coefficient increases.
Scheme II flaps, located as they are in the stream, introduce certain losses

values (Figure 4.26, a).

of total pressure which are not to be found in Scheme III.
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Figure 4.26. Reversing Coefficient as a Function of Pressure Drop for Reverser
With Central Body:

With Lattice of Shaped Vanes; ¢, 8 = 70, z = 6 (F
0,#, Various Tests, 8 = 110°. z = 6 (F, = 0.720

4 T
nozzle

|

nﬁ
nozzle

a, Diagram Il with Lattice l.of Vane Profiles: A"A, Various Dia-
gram |V, Variant 2; 0, Variant 2; b diagram 1l with Lattice 1 of
Vane Profiles; Variant 1;0, Variant 2.

We can easily
This stands to reason, since the

Diagram I1l, Variant 2
= 0.465);



Tests of a reverser constructed under Scheme I with screen remotely /114
located from the central body (Variant 2) showed that the characteristics re-
main practically as before (Figure 4.27). The thrust characteristic does not
change as the result of relocating the screens in Scheme II (Variant 2 ) and
in Scheme III (Variant 2), which we can see in Figure 4.26.

ﬁreV *__o_$ Figure 4.26, b also gives us
assf - * -~1“‘~{\~ < data for a reverser constructed
' ‘<;o\\;} following Scheme III of Variant 2
| e with screens made of profiled
050 -~— vanes. We can see that in Scheme
I11I use of profiled vanes in the
055! - | deflecting screens does not bring
1 Z J 4 ™ oz. about change in the qualitative

pattern of the reverse coefficient
as a function of extent of pres-

Figure 4.27. Reverse Coefficient as the :
sure reduction.

Function of Extent of Pressure Reduction
for the Reverser of a Nozzle that In-
cludes a Central Body with Screen I.
Scheme 1: o, Variant 1; e, Variant 2.

And so, the elements (shut-
ters, flaps) located in direct
proximity about the screens, and
not the placement of the screens
relative to the central body, is
what has a bearing on the size of the reverse coefficient and on the appearance

of the function R = f(n* ) and, in particular, on the location of the
rev nozzle

maximum R on the curve.
rev

When cylindrical shutters are placed forward of the deflecting screens
(Figure 4.28), that is, when the reverser is built according to Scheme IV,

Variant 2, the nature of the function R = f(n* ) is kept about the same
rev nozzle

as when shutters of the reverse regulated nozzle type are positioned forward
of the screen (Figure 4.22). This is also to be seen when we compare the cor-
responding curves in Figure 4.21 and 4.23. The values of the reverse coef-
ficient attained prove to be lower, since the cylindrical shutters provide,
obviously, better organization of the stream at its inlet into the screen.

However, the difference between the RreV values for F2 ~ 0.72-1.0 values that

are of interests in actual practice is not very great. This is a favorable
turn of events, giving the designer some freedom in choosing a method of screen /115
closure in the direct thrust regime.

Let us turn to some results of a study made of reversers with constricted
nozzles. Figures 4.21 and 4.22 present plots of data for a model correspond-
ing to Scheme A (cf. Figure 4.16) of a reverser used with a constricted nozzle
when the screens made of profiled vanes were placed directly aft of the turbine
and when shutters of the reverse regulated nozzle type were located forward of
the screens. We can see that placing deflecting screens in the region of in-
creased velocities does not lead to a change in the pattern of the curve des-
cribing the reverse coefficient as a function of extent of pressure reduction
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compared with Scheme I, Variant 2 of a reverser for a nozzle that includes a

central body.

Rrev
0,8 -

-

sy

0,7 O O

N

0,6

noz.

Figure 4.28. Reverse Coefficient as
Functions of Extent of Pressure Re-
duction for Reversers Used with a
Nozzle Enclosing a Central Body and
for a Constricted Nozzle. Screen 6 =
= 110°, z=6: 0, & , Different Tests
Scheme 1V, Variant 2; A, Scheme D
(Fig. 4.16); e, Scheme V; O, Scheme E.

flow.

When, instead of shutters of
the reverse regulation nozzle type,
cylindrical shutters are positioned
forward of the deflecting screens,
the values of the reverse coeffi-

cient in the range 7* = 1,8-
nozzle

-2.2 prove to be almost the same.
This is to be seen for Schemes C and
D (Figure 4.16) from Figure 4.28.

When cylindrical shutters are
positioned forward of the deflecting
screens in the turned position
(Scheme E, Figure 4.16), the pat-
tern of the curve describing the
reverse coefficient in function of
extent of pressure reduction varies
but little, however the resulting
values are appreciably lower. This
is explained by a decrease in the
coefficient of total pressure re-
covery in the screen. It must be
pointed out that when the shutters
are arranged in this position, ex-
periments have revealed a consider-
able jarring of the unit, evidently
produced by the instability of the

This phenomenon has also been observed in tests made of a reverser

model incorporating deflecting screens in which the gas duct is throttleéd by a

diaphragm. (cf. Figure 2.6).

Therefore, in these models, when schemes C, D

and E are studied, the gas duct was not completely partitioned, therefore in
order to exclude the effect of direct thrust of the nozzle on test results and
in order to secure comparable data, the nozzle was closed over with an end cap,

as shown in the sketch (cf. Figure 4.18).

It follows from the foregoing that in the reverser schemes of a nozzle
incorporating a central body and a contracted nozzle high reverse coefficients

can be obtained. The values R
rev

ed for an applicable value of the design angle of the shutters at the exit from

~ (0.5 that are needed in practice are attain-

the deflecting screen, equal to approximately 50°.

Effect of Density of Deflecting Screens on R

rev

At a given a/b ratio the screen can be made in a variety of densities.
When a/b =~ 0.5 (8 = 110°) screens can be made of profiled vanes with different

densities:
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1.26 1.47 1,€8 2,10

cjt ‘ 0.835 ‘ 1.05

In all these screens the overall screen length was taken at the same
value as in the original variant where ¢/t = 1.26 and z = 6. For screens built
in this way the exit area differed by about *17.5% from the F2 of the original
variant.

Tests with these deflecting screens were conducted on a reverser model
of a contracted nozzle when a cone was positioned forward of the screen, that
is, on the nozzle corresponding to Scheme B (cf. Figure 4.16). The nozzle was
covered with an end cap. Inspection of the curves describing the reverse co-
efficient as a function of the extent of pressure reduction showed that when
the screen densities increased, at a given constant ratio of screen sides a/b,

an almost equidistant shifting of the curves toward the side of large Rrev

values takes place. For reversers with screens made of leafwise profiles this /117
can be seen from Figure 4.20. A rise in the reverse coefficient that occurs

when the density is increased (Figure 4.29) is accounted for by a climb in the
coefficient of total pressure recovery in the screen. The figure gives plots

of the results of a test made of a reverser incorporating screens made of leaf-

wise profiles and data known from the literature [38]. It is obvious that the
effect of density shows up qualitatively the same.

Figure 4.29. Reverse Coefficient as a
Function of Density of Deflecting Screen
when a/b = const and n¥* = 2.0:
nozzle

o, Reverser of a Contracted Nozzle In-
corporating Shutters of the Reverse

06l - N - Regulated Nozzle Type (Scheme B, Fig.

’ 4,16) With Screens a/b ~ 0.50 Made of

Profiled Vanes: [, A, the Same Scheme

T L , Based on the Data in the Study [38];
| ] #, Reverser of a Nozzle Incorporating
0556 - e i 7 a Central Body (Scheme |, Variant 1)

With Screens a/b ~ 0.25 Made of Leaf-
wise Profiles.

We must direct attention to the fact that based on the results of this
study the very considerable variation in density leads not only to an appreci-
able deviation in values of the reverse coefficient. Consequently, the density

of the deflecting screens can be selected without detriment to the efficiency
of the reverser quite arbitrarily, guided by design considerations.
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Effect of Decrease in Exit Section of Deflecting Screens on Rrev /118

In a number of tests made of a reverser installed in a nozzle incorporat-
ing a central body that included screens made of leafwise profiles, the mini-
mum screen exit area was reduced by installing longitudinal inserts along the
margins of the screens. It follows from Figure 4.30 that installation of the
inserts 4 substantially varies both the pattern of the reverse coefficient as

a function of extent of pressure reduction, as well as the value Rrev' The

inserts led, evidently, to flow separation in the end face sections, building

up appreciably as the extent of pressure reduction grew. As a result of flow
separation large losses of total pressure are induced. Figure 4.30 presents

this curve for one of the tested variants of a reverser model incorporating
deflecting screens and throttling tilting vanes (584, Chapter IV). Without

delving into a detailed comparison of the results, since in this model bypass-

ing of part of the gases to the jet nozzle was executed, we observed that for /119
these models the nature of the reverse coefficient as a function of extent of
pressure reduction must be deemed unfavorable owing to considerable reduction

of R as m* is made greater.
Tev

nozzle
R rev x
0,7 |
\ ~ -
- ~
06
‘\\\ \ Figure 4.30. Comparison of Reverse
2 Coefficients as Functions of Extent of
Pressure Reduction for a Reverser
] ] 4 Built Into a Nozzle Incorporating a
:*\ 2§E%i§§ Central Body and Screen | with Data
J for a Reverser (cf. Figure 4.51) of a
) \\<f Contracted Nozzle Incorporating De-
0 < flecting Screens (Bscreen = 36°, ¢/t =
\\\ = 1.5) and Throttling Tilting Vanes
\ o (Curve 2): 1, Scheme |, Variant 1 and
N 2; 3, Scheme |, Variant 1, Screen with
0 o i Inserts &.
"1 2 J Thoz.

The effect on the reverse coef-
ficient of reducing the screen exit
area, the longitudinal end face walls

of which were made parallel to the vertical plane of symmetry, was investigat-
ed. The space around the longitudinal walls were lined with Wood's alloy. The
screens produced had an area ratio Finlet/FZ of about 1.5.
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Figure 4.31. Reverse Coefficient as the
Function of Extent of Pressure Reduction
for a Reverser Incorporated in a Con-
tracted Nozzle with Parallel Longitud-
inal Walls of the Deflecting Screens:

o, with Shutters of the Reverse Regu-
lated Nozzle Type (Scheme B, Figure
4L,16); A, with Cylindrical Shutters
(Scheme D) ; &, with Cylindrical Flaps
(Scheme E); +, without Shutters (Scheme
F).

The results of testing the
reverser incorporated into a con-
tracted nozzle with different
throttling devices made up of
screens of profiled vanes of den-
sity ¢/t = 1.26, subtended angle
6 = 110°, and number of channels
z = 6 are plotted in Figure 4.31.
In these tests the exit area of
the nozzle was closed over with
an end cap. We can see that in-
creasing the convergence of the
intervane channels of the screen
has a very favorable effect on
the reverser characteristics.

The curves testified to a marked
rise in the reverse coefficient
for all methods of throttling the
gas ducts compared to the rever-
ser employing radially positioned
end walls of screens.

We must however, take note
that the above-indicated value

Finlet/FZ in actual reverser de-

signs cannot be attained owing to
the small radial dimension of the
deflecting screens. Therefore,

the gain from this placement of the end walls of the screens will evidently be

less tangible.

§3. Reversers Positioned Forward of the Exit Area of the Jet Nozzle and Aft

of it

Reversers Positioned Forward of the Jet Nozzle Exit

Reversers incorporating deflecting connecting parts and throttling shutters

A reverser of this type (Figure 4.32) is installed aft of the turbine

ahead of the afterburner chamber.

to high gas temperatures in the afterburner regimes.
atmosphere through four connecting pipes (nozzles).

The parts of the reverser are not subjected

Gases emitted into the
The connecting pipes have

cross-pieces 4 forming a critical cross-section, and guide vanes 5

The principal shutters 2 directing the gas into the connecting pipes when
the reverser is cut-in are installed at an angle to the engine axis. The re-
verser, in addition to the principal shutters, has two small auxiliary shutters
3 which serve to boost gas duct acceleration. Some of the gas is bypassed into
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the jet nozzle through the slits between the shutters, the area of which F4

is about 20% of the area Fn of the critical area of the jet nozzle. When

ozzle
the reverser has been cut-in, the principal and auxiliary shutters are rotated
simultaneously. Control of shutters is executed by means of levers connected
to the pushrods of the control drive hydrocylinders.

Shutters can have

12 ér Tr' ’ o three characteristic posi-
144 €V i tions. The first position
08l ! is reverser not cut-in.
’ ' The principal shutters
06 Frev—col .1 cover the inlet sections
Q4= - — = of the connecting pipes
02—-l«~'~ _ Llﬁ_”__ and together with the aux-
’ { [ f N iliary shutters lie flush
0 with the jet pipe surface.
12 14 16 18 20 22705 e 2
The second position is
partial reversal, in which
the engine operating at
rated rpm provides a thrust
equal to the thrust at low
throttle. The second posi-
Figure 4.32, Reverser with Deflecting Con- tion is complete reversal.
necting Pipes and Throttling Shutters and The flaps are tilted by an
its Experimental Characteristics When Fh = angle of ¢ = 46°.
B Fh/Fnozzle = 0.2: 1, Connecting Plpes; 2, The characteristics
Principal Shutters; 3, Auxiliary Shutters; of the reverser built with
L4, Cross-piece; 5, Guide vane. geometrical dimensions of

the flow section shown in
the figure! have been de-
termined experimentally.

The figure also gives the main characteristics.

The values of relative thrust ﬁ&el and consumption E;el’ the reverse co-

efficients, and the consumption coefficients as functions of the angle ¢ of

shutter tilting when the extent of pressure reduction "ﬁozzle = 2.23, cor-

responding to maximum engine regime, are shown in Figure 4.33. The thrust
variation takes place smoothly, which is characteristic for all reverser
schemes in which throttling of the gas ducts is accomplished mechanically.

In model tests, relative consumption in the process of cutting-in and
cutting-out of the reverser increases owing to the fact that the through cross-
sectional areas of the exhaust system become greater, since the connecting

IThe relative dimensions in this section are given in the figures in fractions

of diameter Dn zzle of the critical nozzle cross-section in direct thrust

regime.
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pipes into the jet nozzle are partially open simultaneously. Consequently,
the cutting-in and cutting-out of the reverser must not induce any difficult-
ies in performance of the turbo compressor group of the engine, since the
stable performance margin of the compressor in the engine system here then in-
creases. It is clearly seen in the figure that the thrust at low throttle
(Rrelsu 0.15) is attained when the shutters have been turned by an angle ¢ =

~ 25°.

G .6
r2jrevy Gré' L; [ ) ; b i l'“'}
101 Lf"'# I D :
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Figure 4.33. Relative Thrust E}el and Relative Consumption E} Reverse Co-

el”’
efficient and Consumption Coefficient as Functions of the Angle of Shutter
Turning ¢ (ﬂ:ozzle = 2.23) for a Model of a Reverser Incorporating Connecting

Pipes and Throttling Shutters.

Figure 4.34 presents the distribution of total pressure in the inlet
section pO,inlet and the exit area of the connecting pipe poz,‘measured by the

comb 6. We can clearly see that in the inlet section the total pressure
Po.inlet 1S below the atmospheric at the front wall 1 of the connecting pipe.

this drop in pressure was brought about by flow separation induced in the inlet
section of the connecting pipe at the location of an abrupt turn. The pressure
Py inlet @&t some distance from the front wall is comparable with the atmos-

3

pheric, further rises, and reaches the maximum close to the rear wall 2 where

the flow is more organized, since it is directed by the principal shutter 3.

The total pressures Py .2 in the exit areas also characterized by appreciable
3>
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nonuniformity. The total pressure Py - in the direction running from the front

to the rear walls varies from Py to the maximum. With the exception of the

section adjoining the front wall, the total pressure at the exit has less than

the total pressure at the inlet, owing to losses in the connecting pipe. By

the front wall the value p is greater than p, . . This is so because
0,2 0,inlet

stream once again fills the entire cross-sectional area. The cross-piece 4
and the guide vane 5 have a marked effect on flow structure: aft of these ele-

ments a sharp drop in total pressure

. 2
Po,inlet’Po2 kg/cm

2,2 IR T T “_r“—”__a[_’__—,__‘_
}%,in et

2,0 ey £
y

8 e

[ SRS S N |
) 0,7 0% 06 08 1
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Figure 4.34. Distribution of Total
Pressure in the Inlet and Exit Sec-
tions Along the Middle of the Connect

ing Pipe when T ozzle - 2.23 and ¢ =

6°: 1, Front Wall; 2, Rear Wall; 3,
Principal Shutter; 4, Cross-piece; 5,
Guide Vane; 6, Comb.

is observed.

Measurements showed that the distri-
bution of total pressure across the cross-
sectional area of the jet nozzle located
remotely from the reverser is quite uni-
form, since the flow along the path from
the shutters to the exit area of the jet
nozzle becomes equalized. Coefficients

of total pressure recovery o, in the con-

necting pipe and o in the jet nozzle in

reversal, determined from the result of
measuring total pressure, are also plotted
in Figure 4,321,

Also tested was the effect on rever-
ser parameters of the following design
changes in the starting model:

a) Elimination of the cross-piece 4
(cf. Figure 4.32) and the guide vane 5 of
the connecting pipes (Variant a);

b) use of nonsymmetrical desigh of
shutters, as the result of which the aux-
iliary shutters were done away with and
the area of gas bypass to the jet nozzle
was brought down from 20 to 13% (Variant
b);

¢) Variation in the bypass
area from 13 to 22% in the design
- incorporating nensymmetrical shut-
ters (Variant c);

d) a reduction in the height
of the rear wall of the connecting

pipe by 0.306 D oazle (Variant d).

" IThe data on o, presented below in this section have been based on measurement

of total pressure fields at exit fro
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Investigation of the variant a showed that when the consumption coeffi-

cient G = 1 the reverse coefficient when =* = 2.2 was lowered from
rev nozzle

0.50 to 0.48. This decrease in the reverse coefficient can be explained by the
fact that in eliminating the cross-piece and the guide vanes in the connecting
pipe a flow separation area was built up and total pressure losses mounted.

When the bypass area was reduced (Variant b} the reverse coefficient rose
up to about 0.55.

In Variant ¢ a reverse coefficient of 0.50 was obtained, that is, it

agreed with the value of E;ev of the starting model when F4 = 0.20,
In Variant d the reverse coefficient proved to be equal to 0.40. A re-
duction in the value of Roev compared to variants a and c were due to the fact

that as the height of the rear wall of the connecting pipe was decreased, some
of the flow escaped from the connecting pipes at a large angle to the engine
axis.

Reversers with annular deflecting screens and with a throttling jet nozzle /125
A reverser with throttling jet nozzle was developed for one of the domes-
tic engines. Tests of a series of variants of this scheme on models was con-
ducted aiming at determining the chances of obtaining a reverse coefficient
0.35-0.40.

When the reverser was cut-in, the shutters 1 (Figure 4.35) of the jet
nozzle throttled the exit area of the nozzle and a large part of the gas exited
through the extended deflecting screen 2, building up negative thrust. When
the reverser was not cut-in, the screen was shifted to the left (pushed along
the surface of the jet pipe) and the through section of the jet nozzle was ex-
panded to normal. Here the jet nozzle, rigidly mounted to the screen, rests at
the face of the jet pipe 4 ensuring tightness of the butt.

Z i N , :
0 ?yey Figure 4.35. Reverser with
’ Annular Deflecting Screen
as T and with Throttling Jet
a6 - - Nozzle and its Experimental
0 L JErev Characteristics at Fl/Fnoz.
ozl L. = 0.25: 1, Jet Nozzle
b Shutters; 2, Screen; 3,
S S H .
12 1% 15 18 20 zen® S?reen Profile; 4, Jet
noz Pipe.
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Reverser models were constructeu suitably for the maximum engine regime
(Figure 4.35 and 4.36) and for the afterburner regime (Figures 4.37 and 4.38).
The extent of pressure increase in the atterburner regime T0 aft/T0 for the

models tested was taken as equal to two. Here T0 aft = braking temperature in
2

the jet nozzle in the afterburner regime, and T0 = braking temperature in the

jet nozzle in maximum engine regime. The tests showed that of the variants
constructed for the maximum engine regime, the required Rrev value was pro-

vided by the variant shown in Figure 4.35., The fairly high reverse coefficient
(Rre = 0.39) compared with the other variant was attained owing to the con-

siderable throttling of the gas duct by the jet nozzle. The jet nozzle dia-

meter here was reduced in half, that is, F. /F = 0.25. This decrease in
1’ "nozzle

diameter was attained by using a jet nozzle structure with stepped shutter
cross-section (Figure 4.39).

1,2 pe
Grev

1.0

08 Py 2

06

0.4

0,2 R r:\l

1214 16 18 2022 n}‘:oz

Figure 4.36. Reverser with Annular Deflecting Screen and with Throttling Jet

Nozzie and lts Experimental Characteristics at F,/F = 0.364,
1 " nozzle

Grev

[]

1 Figure L.37. Reverser with
Rrey ! Annular Deflecting Screen with
Throttling Jet Nozzle and Its
Experimental Characteristics

= 0.79.

14 16 18 20 1%,
n at F]/Fnozzle
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When Fl/F

= 0.31, the value E;ev = 0.20 was obtained. For the
= 0.36 in the jet

nozzle

maximum possible extent of gas duct throttling Fl/Fnozzle

nozzle that did not incorporate stepwise cross-section of shutters, a reverse
coefficient of Rrev ~0.2 (cf. Figure 4.36) was achieved.

In the afterburner regime the reverse coefficient value of E;ev=3 0.22 /127

of the jet noz-

, ~ 0.79 (cf.
nozzle nozzle
Figure 4.37). As the diameter of the jet nozzle is reduced down to a value
close to the minimum, 0.594D s> which can be attained without stepwise

is attained at a relatively small decrease in diameter D
nozzle

zle, approximately down to 0.887 D that is, when Fl/F

nozzle

shutter cross-sectioning, and with simultaneous increase in the angle Bvane

from 20° to 40°, the reverse coefficient is E;ev = 0.55 (cf. Figure 4.38).

Investigation of the
effect that the deflecting
screens have on direct noz-

12 IFE zle thrust with reverser

10 . rey not cut-in revealed that

08 1o direct thrust of the nozzle /128
’ I with externally closed scre-

06 - revys en does not change compared

Y D S to the thrust produced by

62 | nozzle that has no screens.

0 Reverser with Deflecting

L2 14 16 18 Zgw%oz Screens and Throttiing
Shutters of a Bypass Engine
Figure 4.38. Reverser with Annula Deflecting

Screen and With Throttling Jet Nozzle and Its Two cylindrical shut-
Experimental Characteristics at F]/F le = ters 1 (Figure 4.40) rotat-
= 0.35. nozzle ing on pins uncovered the

screens 2 and locked exit of
the stream in the straight-
line direction. Streams
from both passes of the
engine are deflected by the
shutters to streams that
direct the flow to the op-
posite side. Some of the
flow has direct exit through
the slit between the shut-
ters. The slit area is
about 6% of the jet nozzle
area. When the reverser is
not cut-in, the shutters

Figure 4.39. Models of Jet Nozzles: a,
Throttling Jet Nozzle with Stepwise Cross-

sectioning of Shutters; b, Ordinary Jet Nozzle.
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area. When the reverser is not cut-in, the shutters close over the screens and
do not block direct exiting of the stream?.

The through sections
of the reverser and gas con-

12 v

GCrev sumption through it vary as
7.0 a function of the shutter
08+—T—1 Oz tilting angle. Relative

thrust and relative consump-
tion and reverse coefficient

R : ST
O 4t—otec DTV b and consumption coefficients

= o
0z S as functions of the angle
b ¢ of shutter rotaticn are
NS shown in Figure 4.41.

1274 16 18 20 m*
noz

Distribution of total
pressure along the length

Figure 4.40. Reverser with Deflecting Screens of the deflecting screeen
and Cylindrical Throttling Shutters of a By- in the exit cross-section
pass Engine and Its Experimental Characteris- is shown in Figure 4.42.
tics, Fh/FnozzIe = 0.06: 1, Shutter; 2, De-

Figure 4.43 presents

flecting Screen. distribution of pressure

along the shutter in the
form of a function of the

ratio p/pO,inlet (p = static pressure at shutter and Py, inlet - total pressure

of stream in inner pass).

When the shutter rotation angle ¢ = 30°-40°, we have a maximum variation /131
in pressure. The dashed line shows the distribution of pressure along the -
shutter when the jet nozzle has been capped. In this case pressure distribu-
tion is more uniform.

Reverser with nonsymmetrical discharge

Conditions of engine placement on an aircraft, and also the possibility
of injection of gas from the reversers in the air scoop of an engine often do
not permit organization of symmetrical gas discharge.

Figure 4.44 shows the scheme of a reverser with nonsymmetrical discharge.
In the case of one-sided discharge of the gas through the upper (reverse) con- /133
necting pipe 2 at a design angle 40°, vertical component of thrust is built up,
and this can be compensated by gas discharge to the opposite side through the
lower (deflecting) connecting pipe with a design angle of 90°. Throttling of
the gas duct makes use of the shutters 1. Some of the gas is bypassed to the

lpesign of reverser was developed for one of the domestic engines produced by
a group of designers lead by N. D. Kuznetsov.
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jet nozzle via the gaps between the shutters 1 and the cowling 4. 1In the
direct thrust regime the shutters are positioned flush, by means of hydro-
cylinders 5, with the walls of the jet pipe and partitioned off the connecting
pipes 2 and 3.

Lgk/<f/

E rel

U, U ——

Figure 4.41. Rie1? Groy Rpey 2nd G o,

as Functions of the Angle of Shutter
Rotation for the Reverser Shown in
Figure 4.40.

Figure 4.42. Distribution of Total

The relative_vertical com- Pressure in Average Cross-section Along
ponent of thrust R = R / Screen Length for Exiting from the Re-
ver ver L4o-
/R and the reverse coof- verser Shown in Figure
nozzle with Bypassing of Part of the Gas to the
ficient were found as functions Jet Nozzles; ----- s Without Bypassing.

of the through cross-section of
the deflecting connecting pipe for
bypass areas that amount to 5 and 17% of jet nozzle area. The experiment was
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limited to three values of the deflecting connecting pipe area, 15, 25 and 46%
of the jet nozzle area. This stemmed firom the necessity of obtaining a satis-
factory reverse coefficient at minimum vertical thrust component. An area of
the reverse connecting pipe was selected for the listed values of the deflect-

ing connecting pipe area that would ensure simultaneous consumption with the

reverser cut-in or cut-out, that is, Grev =1,
/0 ﬁ?ointenLJ -
\internal ] g [
0 S EEO -
/;/ s X Ty~
SN | |
N N N o
o % \b T
08 =

o 0,25 0,50 8,75 L,

E@% internal
19—

0 025 05 075 I,
Z/Py internal

BN
S
BAN

0% Ge L,

Points of Pressure
Measurement

-

0,8

Zone of
Measured Pressu

Stream

—

Figure 4.43. Curves of Pressure Distribution Along Shutter of the Reverser
Shown in Figure 4.40; @, ¢ = 0°; Direct Thrust Regime; 4, ¢ = 10°; A, ¢ = 20°;
O, ¢ = 30°; 0, ¢ = 40°; x, ¢ = 50°; Reverse Regime; ----- , Capped Jet Nozzle.

With one-sided discharge and when ﬁg = 0.05, a reverse coefficient ﬁ;ev

= 0.51 and a relative vertical component of thrust §§er = 0.41 (Figure 4.45)

were attained, respectively. For ?ﬁ = 0.17, ﬁ;ev was 0.42 and ﬁ;er = 0.32,
The reverse coefficient can be determined from the resulting curve when there

is a permissible value of the relative vertical thrust component.
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1, Shutters; 2, Reverse 0 01 02 03 04 454£;deflect.
Connecting Pipe; 3, Deflect- Frozzle
ing Connecting Pipe; 4, Cowl- _ _
ing; 5, Hydrocylinder. Figure 4.45, Rrev and Rver as Functions

of the Relative Area of the Connecting

Pipe Deflecting the Stream Downward (F

(F /F ) for a Reverser with Non-
defl’ nozzle

symmetrical Discharge When =% = 2.2;
nozzle

a, Fh = 0.05; b, Fh 0.17.

Reversers Located Aft of the Jet Nozzle Exit Area
Reverser with cylindrical shutters

When the reverser is in the working position, the shutters 1 (Figure
4.46) direct the stream to the opposite side, producing negative thrust. With
the reverser cut-out, the shutters are rotated on pins 2, fixed in the hori-
zontal position, are extended beyond the limits of the nozzle 3, and do not
block direct flow exit.

This scheme has been considered in detail in §1 of this Chapter. In this
section we will present data for a model differing from the above-described in
a number of parts, in particular, by the presence of bypass in the straight-
line direction. The change in basic data of the reverser is shown in Figure

4.47 as a function of the angle ¢ of shutter rotation. The angle at which the /134
thrust is equal to zero is approximately 28° When the angle of shutter rota-
tion is changed, the relative gas consumptlon remains constant (G ov = 1.0),

since the minimum through section of the gas duct is the exit section of the
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jet nozzle.

This property of reversers located aft of the exit section of the

jet nozzle is their advantage compared with reversers located forward of it in
which the exit cross-section of the engine is varied with change in the angle
by which the throttling elements are rotated.

Axis of rotation

Figure 4.46. Reverser with Cylindrical §

ters and |ts Experimental Characteristics

when F_.. /F = 0.05: 1, Cylindrical
slit’ nozzle

Flap; 2, Axis of Shutter Rotation; 3, Jet
Nozzle.

stream exit angle.
this chapter.
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Reverser with shutters
constituting part of the
engine nacelle surface

The design of this re-
verser (Figure 4.48) 1is
characterized by the fact
that its shutters 1 con-
stitute part of the engine
nacelle surface 2 and have
tilting flaps 3, which pro-
vide the required angle of
reverse stream exit. The
relatively high reverse co-
efficient Rrev = 0.74 is

obtained owing to the fact
that the stream of gases
exits at a relatively small

This scheme has been considered in more detail in §1 of

1

v
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Figure 4.47. Rrel’

tion (1% 5,516 = 2.2).
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Reverser with deflecting screens and external cylindrical shutters

In the working position of the reverser (4.49) shutters 1 are located aft
of the jet nozzle 2 and direct stream to the deflecting screens 3 at a sub-

tended angle of 120°.

With the reverser not cut-in, the shutters tilting on

pins are fixed horizontally over the screens and together with them are ex-

tended beyond the limits of the jet nozzle.
is 0.4.

Axis of 12~
Rotation 70 Srev

9 N )
S—s g4l _ X
. 4
0,420 0.2 76’5 1214 16 18 20 2 oz
Figure 4.48. Reverser with Shutters Com-

prising Part of the Engine Nacelle Surface,
and |ts Experimental Characteristics: 1,
Shutters; 2, Engine Nacelle; 3, Tilting
Flaps.

0135 Axis of _

»

Rotation .

08 - | — -

y

] Grev

05— —
a4 rev _a

ol

Figure 4.49. Reverser with Deflecting
Screens and External Cylindrical Shutters
and lts Experimental Characteristics: 1,
Shutters; 2, Jet Nozzle; 3, Screen.

4.51).
thickness 10%.
stream.

The reverse coefficient attained

Reverser with annular
deflecting screen and
internal cylindrical
shutters

In thrust reversal,
shutters 1 (Figure 4.50)
located aft of the jet
riozzle 2 direct the flow
to the annular screen 3.
With the reverser not cut-
in, the shutters are fixed
in the horizontal position
and do not block the dir-
ect exit of the stream.

The screen connected to the
shutters occupies a posi-
tion in which it does not
have an effect on the jet
nozzle parameters. The
reverse coefficient achiev-
ed is 0.51.

§4. Reverser with Deflect-
ing Screens and Throt-
tling Tilting Vanes

The reverser consists
of extensible screens of
the active profile type
occupying two windows sym-
metrically over a 120°
angle spread and two stream
throttling tilting vanes
both located in the jet
pipe of the engine (Figure

The vanes are made in the form of symmetrical profiles with relative
In the direct thrust regime the vanes are located along the
Experimental studies have shown that minimum thrust losses in the
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nozzle are obtained for the case when the trailing edges of the vanes are so

aligned that between them a slightly constricted channel is formed (o = 4°J.

Thrust losses here amount to 4-4.5% of the thrust of the ideal nozzle, that is,

the nozzle without total pressure losses. When the reverser is cut-in, the

vanes are deflected and direct the gas stream toward the screens. In this case

the critical section for the nozzle are those running across the traijing edges /138
of the vanes and the beginning of the deflecting screens.

The reverse coeffi
cient and the consumption

& .gzgg coefficient as functions of
“ i the extent of pressure re-
duction for different
0,038 & angles of throttling vane
™~ 12 tilting and for fully ex-
’ el | tended deflecting screens
W= rev are shown in Figure 4.52.
08 °3J~Aa~ - For small angles of the
06 P T throttling vanes o < 20°,
’ rey the thrust remains positive
04 S . but the air consumption is
02 increased by 20-30%.

§45 15 18 20 22 24 m

noz
In order that the con-
sumption of air through
the engine remain unchanged,
Figure 4.50. Reverser with Annular Deflecting it is necessary that the
Screen and Internal Cylindrical Shutters and extention of screens into
lts Experimental Characteristics: 1, Shutters; the working position be /139
2, Jet Nozzle; 3, Screen. coordinated with vane tilt-

ing. In the model tested
the consumption coefficient

G = 1.0 was attained
rev

when the vanes were rotated by an angle of 40-42°. An increase in the chord of
the tilting vanes_led to a reduction in the tilting angle at which thé consump-
tion coefficient Grev = 1.0,

Figure 4.51. Scheme of
Experimental Model of a
Reverser with Deflecting
Screens and Throttling
Vanes.
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Figure 4.52. Reverse Coefficient and Consumption Coefficient as Functions of
the Extent of Pressure Reduction for Different Angles of Rotation o of the

Throttling Vanes, B8 = 36°. The Solid Lines Correspond to a Reverse Co-
screen

efficient ﬁ}ev’ and the Dashed Lines Correspond to the Consumption Coefficient

G

rev’ ® o 10° (O0—a=2%°% on—2 30% C —a=d40% © —a=50°

The effect of deflecting screen length on reverse coefficient with con-

sumption coefficient remaining unchanged a;ev = 1.0 and for different degrees
of pressure reduction is shown in Figure 4.53. When ﬂ;ozzle < 1.6, an

increase in screen length above a certain value still does not bring about a
rise in reverse coefficient. This evidences that part of the screen channels
lie in the zone of separation induced aft of the throttling vanes, and these
channels are not operative. As the extent of pressure reduction becomes
greater, the flow rate at the inlet to the screens rise, the screen resistance
increases, the stream within the jet nozzle begins to be partially deflected
toward the side of the nozzle axis, filling the entire intervane channels of

the screen. With further increase in n;ozzle deflection of the stream leads

to a situation in which an ever increasing fraction of consumption begins to
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escape not through the deflecting screens, but through the jet nozzle. There
fore, the reverse coefficient is reduced with an increase in the extent of

pressure reduction.

Pre
ev
075

05 [CRYs
noz,l5

025 19
22

nt=281"
Nnoz

50 160 T 150 T amm

<

Figure 4.53. Reverse Coefficient as
Function of Screen Length for Differ-
ent Degrees of Pressure Reduction and
for the Consumption Coefficient

Grev = 1.0.

Figure 4.54 compares the values
of reverse coefficients obtained
for different deflecting screens.
These screens differed in the shape
of the profile and in the design

angles Bscreen of the screens, equal

to 36° and 30°. The density of the
screens differed but slightly and
amounted to ¢/t = 1.5 and 1.54,
respectively. When screens with
large design angle were used with
the same consumption coefficient,
appreciably greater values of the
reverse coefficient were obtained.
This was accounted for by the fact
that the ratio between consumption
through the screens and the nozzle
when the screens were used differs.

Large consumption through the screens with simultaneous reduction in gas pas-

sage through the nozzle provides, when B

= 36°, a larger reverse coef-

screen

ficient than when BS = 30°, inspite of an increase in the angle of in-

.CTrecn

clination of the reverse stream to the engine axis in the first case.

R
Lgeu,

05H

Figure 4.5k,

The Solid Lines correspond to Screens with
= 36°, and the

a Design Angle Bscreen

Dashed Lines, B = 30°.
screen
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Reverse Coefficient as a
Function of Extent of Pressure Reduction
for Different Screen Densities c/t and for
the Consumption Coefficient Grev = 1.0,

The effect of screen /140
density on the reverse coef-
ficient for screens with de-

sign exit angle B_ . . = 36°

is shown in Figure 4.54. A
20% reduction in screen den-
sity with screen length un-
changed led to an appreciable
rise in the reverse coeffi-

cient when 7* > 1.6.
nozzle

Similar results are obtained
also for a screen with a de-

sign angle Becreen = 30°. The

investigation showed that for
this scheme of reverser the
density of the deflecting
screens must be selected for



the chosen engine performance regime, since the effect of the ¢/t on reverse
coefficient varies with change in the extent of pressure reduction.

When ﬂ;ozzle = 2.0, this scheme of the reverser can provide a reverse

coefficient within the limits of 0.4-0.5.
§5. Development of a Reverser Based on Experimental Test Data

We will illustrate a method of calculation earlier presented in §1 of
Chapter II by the example of using a reverser with connecting pipes and throt-
tling shutters.

The reverser (Figure 4.55) consists of four connecting pipes covered in
the nonworking position with tilting shutters. When the reverser is cut-in,
the shutters throttle the gas duct of the engine and direct the flow to the

connecting pipes. The connecting pipes consist of contracted channels with an /142

area ratio of about 1.7.

In the calculation of the original variant the following data were adopt-
ed; reverse coefficient--0.3, extent of pressure reduction--2.01, ratio of
consumption through connecting pipes in terms of over-all consumption--k =
= 0. 68. The minimum diameter D of the ends of the throttling shutters (for
the model) was 58 mm.

Tests of the original variant (model No. 1) revealed that the reverser
does not provide either the desired reverse coefficient nor the consumption
coefficient equal to unity. When the shutters are in the design position, the
reverse coefficient is about 0.2 for a consumption coefficient equal to approx-
imately 0.9. When there is complete consumption through the model (D = 83 mm)
no negative thrust is produced, since even at D ~ 75 mm the thrust is zero.
Additional throttling of the gas duct when the shutters are in the maximum
position (Dmaxa: 51 mm) cannot be viewed as a measure that ensures higher re-

verse coefficient. A test was made in which the effect of direct thrust was
eliminated. To do this, the nozzle was covered with an end cap. Reduction of
direct thrust down to zero naturally will lead to a rise in the reverse coef-

ficient, however, the consumption coefficient is made still lower: Rrev = 0.43,

el = = *
Grev 0.625, My 0.810 (ﬂno

through the connecting pipes:

szle = 2.01). Here u, = consumption coefficient

G Pn -
- » Gygeny o = 0-3965 ——inlet
ideal,2 ’ /T

2 - 4 dea1, 22 F2-

Results of measuring the stream exit angle by using a dummy target gonio-
meter at one of the connecting pipes in several cross-sections are given in
detail below (§2, Chapter V). We note only that the stream exit angle averaged
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over the entire connecting pipe cross-section proved to be about 1° greater
than the angle of vane inclination at the exit. When results of measuring con-
sumption through the connecting pipes with nozzle capped were used, it was
found possible to estimate the total pressure recovery coefficient .in the con-
necting pipes. By knowing the calculated extent of pressure reduction and as-
suming that the static pressure at the exit from the connecting pipes is equal

to the static ambient pressure, we get for w* = 2.0l o, = 0.8051!,
nozzle 2

Characteristics of the nozzle when throttling shutters were installed in
it were obtained via weighing tests with connecting pipes capped (Figure 4.56). /143
We can see that the coefficient of total pressure recovery of the valve is the
smaller, the more the shutters throttle the gas duct.

Analysis of the results showed that the total of consumption through the
connecting pipes and the nozzle determined in separate tests did not equal the
consumption through the model. This shows that the characteristics obtained
in these separate tests must be viewed as approximate. Precise characteristics
of the deflecting connecting pipes and the nozzle in which throttling shutters
were installed could be determined if 1t were possible to simultaneously, but
separately weigh the deflecting connecting pipes and the nozzle. To do this /144
would require complicating the weighing section of the stand and the experi-
mental models. Nonetheless, with such approximate data available to us, it
appears possible to carry out preliminary calculations of the reverser (Figure
4.57).

The coefficient of total pressure recovery in the connecting pipes must
in general, depend on the position occupied by the shutters. It is obvious
that when the shutters are used to block out the inlet section of the connect-

ing pipes the values of o, must be reduced. It can be assumed that in some

range of change in shutter position around the limiting position the value of
g, will not vary appreciably. In the calculation o, was taken as equal to

0.80. The intersection of the lines of the required and the available values

of k determined the sought-for calculated diameters of the shutter end Dcalc =

=56.6 mm and the fraction of the over-all consumption that must be directed to

the deflecting device, k = 0.722.
screen

The values of o, are easily calculated from the ratio ozq(xz) = uyq

(Aideal 2), obtained from the expression for consumption expressed in terms of
% - .
9, and q(Az). We noted that the values of g, and Hy when mozzle 2.0 in the

range u, = 0.8-1.0 are numerically almost equal. We can also obtain the

values of a, from the function y (cf. Formula (3.2) on p.60.).
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Figure 4.57 also presents
the ordinates Dreq of the maxi-

mum shutter position when they

rest on each other and D0 obtain-

ed from intersection of the lines
of the available and the required
k values when Rrev = 0.

We can differentiate four

regions: I. D < D ; IT. D <
req Teq

<D< D ; I1I. D <D <
Treq

]

175 ]

available’

O; IV. D0 < D.

212

< D

In region I it is impossible
to build the reverser because of
design considerations. In region

IT1, when 0, = 0.8 higher reverse

coefficient values can be obtain-
ed since a larger consumption
can pass through the connecting
pipes than is required to obtain
R = 0.30. In region III the
rev
desired reverse coefficient can-
not be provided, since the re-
quired consumption is greater
than the available, however, in
this region of shutter positions
a reverser can be built with a
reverse coefficient less than
0.30. To the right of the ordi-
nate D0 (region IV) the reverser

cannot be built. When D > D

0,
positive thrust is in fact pro-
duced.

As calculations showed, the
highest reverse coefficient for
maximum shutter positioning and
when o, = 1 cannot exceed values

Figure 4.55. Sketch of Original Variant of about 0.5. It is clear from

of the Reverser (Model 1). the graph that when the coef-
ficient of total pressure
recovery in the connecting pipes

is reduced, the desired reverse coefficient is ensured with lower consumption

/145
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through the nozzle.

available value k determines the line of minimum 9,

Into section of the ordinate Dmax with the curve of the

at which it is still pos-

sible to build a reverser with ﬁ;ev = 0.30. In this scheme, for the indicated

reverse coefficient o, must not be less than 0.67.

2

Thus, the range A of pos-

sible variation in diameter D for a given reverse coefficient, shown in Figure
4.57, constitutes a fairly narrow region.
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Figure 4.56. Total Pressure Recovery E

Coefficient in the Nozzle of Model No. 1
as a Function of Extent of Pressure Re-
duction, When Throttling Shutters were
Installed in the Nozzle and When the Co-
was as Follows:

efficient 1--k

_0,722:0,956-116,5 __ 100§ a2
= 2209 102,6 car?;

available
O —w=51,2 mm; O —D=66 muy; & —D=722 su; X—D=822 amm
Finally, we get
k F
F = screentnozzle nozzle 36
2 ) 0,80-0,981
o,q(2),
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Let us determine the exit
area of the connecting pipes

G,
Foemer— -,
T 0,39659,9 (ko)
[ -
Here 65 = (G)/Py in1ed) "To

reduced consumption through the
deflecting connecting pipes

T = =
G2 kscreen(,;,nozzle kscreen
Gnozzle J T
Po,inlet 0

The reduced consumption through
the nozzle

= 0.3965 q(x

1
Gnozzle nozzle ideal

)JF

3

velocity’ nozzle

= coefficient of
nozzle

consumption through the nozzle
determined when the latter was

tested (unozzle = 0.956 when
= 2.01); F =
nozzle

where u

*
m
nozzle

critical area of the nozzle in

the model, F = 116.5 cm?2.
nozzle

2
Lo 12017
FS ™ 87,5
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Here Fg = 87.5 ecm2 --the exit area of the connecting pipes in the original /146

variant of the model. Thus, based on an approximate calculation, to attain
the required reverse coefficient the exit area of the connecting pipes must be
increased by 1.17 times. The resulting value of the exit area of the connect-
ing pipes is less than the inlet cross-sectional area. With the existing in-
let preserved and, consequently, with unchanged status of existing throttling
shutters, it is still possible to build a constricted channel with an area
ratio of about 1.3 (Model No. 2).
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Figure 4.57. Calculated-Theoretical Study of Reverser lIncorporating Connect-

ing Pipes and Throttling Shutters (ﬂ;ozzle = 2.01): e, Experimental Points

1, k for R___ = 0.30; 2, k

X for R = 0 When o, =
required rev rev

kavailable; required 2

= 0.8; Dmax = Diameter of Ends of Shutters Corresponding to Their Limiting

Position; Dcalc = Calculated Diameter of Shutter End; Do = Diameter of Ends
of Shutters Corresponding to Zero Thrust for o, = 0.8; A

.., 2
Shutter Positions.

Range of Possible

The meridional cross-section of the connecting pipes was kept as before.
An increase in the area was attained by using connecting pipes with walls
turned parallel to their axis and with some displacement in the outer walls of
the upper and lower connecting pipes in order to increase the through-passage

cross-section. The throttling device remains unchanged. With ﬂ;ozzle = 2.01

and the calculated shutter position, a reverse coefficient was attained that
was close to the required values, however the consumption coefficient was not

equal to unity (ﬁ;ev = 0.28, Grev = 0.91). This indicates that the effective
throughput area of the connecting pipes proved to be inadequate.

Thus, the method of calculation based on an independent determination of
the characteristics of the deflecting connecting pipes and the nozzle incorp-

orating throttling shutters gives only a first approximation. Application of
this method can be useful in the initial orientation calculation of a reverser.
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Figure 4.58.  Consumption Coefficient
Through Connecting Pipes, Coefficient
of Total Pressure Recovery Varying, and
Coefficient of Total Pressure Recovery
in the Nozzle When Throttling Shutters
Were Installed in it, as Functions of
the Minimum Diameter of the Shutter End

(m* - 2.01). Model No. 1:A.First
nozzle

Test; A, Second Test; @, Model No. 2
1, Model No. 1: 2, Model No. 2; Results
of Calculation of oyt +, Tests of

Nozzle With Connecting Pipes Capped;
B, Based on Tests Made of Model No. 1;
4, Based on Tests Made of Model No. 2.

connecting pipes with the nozzle capped.

To obtain refined character-
istics of the reversereelements,
a special test was held. On the
nozzle used in Models No. 1 and 2
a pipe about 7 calibers in length
was installed. Four grids were
placed in the pipe in order to pro-
vide additional equalizing of the
flow. Placement of the pipe made
it possible to equalize the sub-
stantially nonuniform velocity flow
aft of the throttling shutters.
By means of combs the total pres-
sure field at the exit from the
pipe were measured in two mutually
perpendicular directions. At the
exit from the pipe measurement was
made also of the static pressure
through the wall drainage. From
the results of these measurements

the consumption G1 was determined.

Based on the consumption through

the connecting pipes G2 = Grev -

- Gy the values of the consumption

coefficient oy were calculated,

/147

and from them the coefficients of
total pressure recovery in the de-
flecting devices g, (Figure 4.58).

Examination showed that the values
of My (02) proved to be less than

the values determined from the
measured consumption through the

In addition, with increasing closure

of the shutters the coefficient of total pressure recovery is markedly de-

creased.

Using the resulting functions of Tos and also the data on the consumption

through the deflecting device and the nozzle, the values of the coefficient of
total pressure recovery in the nozzle when throttling elements were installed

therein were determined.

The calculations of o, were made according to the

formula obtained from formula (2.10) on text page 46. Refined values of 9y

were lower than those on which the calculation was made in designing Model No.
2. The substantial decrease in the coefficient of total pressure recovery in

the nozzle 01
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the fact that with lower 02 in Model No. 2 a reverse coefficient close to the

required was nonetheless still obtained.

The areas of the throughput cross-sections of the connecting pipes in
Model No. 3 were calculated based on the method described earlier, and the

shutter position at which a reverse coefficient R = 0.30 was attained was

determined. rev
Original Data D aen l Fs et
For Model No. 1 55.5 1095
For Model No. 2 59 1125

In designing a larger value of F2 was adopted.

A sketch of the housing of Model No. 3 with connecting pipes is shown in
Figure 4.59. To obtain the required throughput cross-sectional area the areas

at the inlet to the connecting pipes were considerably enlarged. The throt-
tling shutters were retained unchanged.

RI017

}

View of K at
the Connecting
Pipe

Figure 4.,59. Housing with
Connecting Pipes of
Model No. 3 and Sketch of Vanes.
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The resulting reverse coefficient is close to the calculated value, but
the consumption coefficient differs from unity by approximately 2% (Figure
4.60). Taking account of the precision of measurement in thrust arrangement
and consumption, these values can be recorded as satisfactory.

Thus, the method set

R rey L o forth in §1 of Chapter II can
IO be used in analyzing reversers
Nk\*\ and in making practical cal-
¢ 1063 i S A S E culations. Generalized data
rey : \\\\\ & given in §6 of this chapter
ol a2 | , :::><_ﬁ‘;_greY:ﬁ“A can also be employed for this
L purpose.
o7 A(/’4E/T’ - \55\\« —~ .
I These studies also showed
| h\\\\ chat when building a reverser
03t o } -] TN T of a given scheme the required
I ' reverse coefficient cannot be
-g7 10p ] ensured with the inlet areas

58 60 7 60 Dum into the connecting pipes re-
maining unchanged, that is,
the shutter areas. Enlargement
of the shutter surfaces is ex-
pressed in a redistribution of
consumption between deflecting

Figure 4.60. Reverse Coefficient and

Consumption Coefficient as Functions of

the Minimum Diameter of Shutter Ends for . . -

a Calculated Extent of Pressure Reduction connecting pipes and the jet
nozzle and in changed coef-

(Model No. 3). ficient of total pressure re-
covery in the nozzle and, naturally, entails reexamination of the design
developed.

§6. Generalized Data on Reversers

Data on the coefficient of total pressure recovery in the deflecting
elements of reversers obtained as a result of direct measurement of total pres-
sure are not numerous owing to the laboriousness of making such measurements.

It is easy to compare reversers in which the entire consumption was used
to build up negative thrust. In this case direct-line thrust produced by by-
passage of some of the gas into the jet nozzle does not show up.

Figure 4.61 shows plots of calculated curves of the reverse coefficient
as functions of the stream angle at the exit from the reverser for different
coefficients of total pressure recovery in the deflecting elements. Calcula-

tion was made for W;ozzle = 2.0 based on formula (2.8) in text page 46 with

- .. * .
Rspecific nozzle thrust 0.99. This is a T ozzle value that is close to the

calculated for turbojet engines at velocities corresponding to landing of an
aircraft. The figure gives plots of experimental data of the authors and
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data available from the literature for reversers located forward of the exit
area of the jet nozzle and aft of it.

Figure 4.61. Reverse Coefficient as

a Function of the Effective Angle of

Stream Exit from the Reverser or as a
5 rey Function of the Design Angle of Shut-

o627 ter or Flap Inclination for Different
qg_‘\\\\@i\\\\ Values of the Coefficient of Total
i \\<\\\\\ Pressure Recovery Therein (“ﬁozzle =
% ’ i;;\:\q = 2.0). The Reversers Positioned
07———~\QZ\ e NN Forward of the Exit Area of the Jet
’ x \\NSD\\\\\Q Nozzle are Explained as Follows:
06 . BN \ \ . .
16,706 s\\* ;Q\\<§> A, W!th deflecting screens made of
23 R o T B RN profiled vanes and throttling diaph-
’ \\\la \\l\\\, ragm (cf. Figure 2.6); o, Nozzles in-
04 ‘IL TN \\\ b& corporating a central body, Scheme I,
' D \E Variant 1, with screens made of leaf-
gl |- i \\\<__ wise profiles (cf. Figure 4.12); e,
as above, Scheme |, Variant 2 with _
02 , screens made of profiled vanes for F °
0 10 20 30 40 30 60 pors ~

~ 1; ¢, Scheme A with screens made
of leafwise profiles (cf. Figure 4.16)
based on data of the report [37]; W,
the same Scheme, incorporating screens
made of profiled vanes based on the
same data; {7 incorporating screens and external cylindrical shutters (cf.
Figure 4.49); O, with screens and internal cylindrical shutters (cf. Figure
4,50); Vv, Scheme E incorporating screens made of leafwise profiles (cf. Figure
4,16) ;based on data full-scale tests [25]; o, as above, based on data of full-
scale tests [22, 44]. The reversers positioned aft of the exit area of the
jet nozzle are explained as follows: +, incorporating cylindrical shutters
(cf. Figure 4.1); yx, with conical shutters and tilted flaps (cf. Figure 4.9).
The data in the report [37]: ®, hemispherical reverser; ¢, semicylindrical
reverser; /A , with cylindrical internal throttling and external deflecting
shutters; wmmmScheme IV {cf. Figure 1.8) based on data of full-scale tests [32
[32]; , scheme Il, but with cylindrical shutters and deflecting flaps (cf.
Figure 1.8) based on data of full-scale tests [20].

For models of reversers incorporating deflecting screens positioned for-
ward of the exit area of the jet nozzle, the Rrev values relate to the actual

stream exit angles 82 obtained with account taken of the correction for the
angle AB, by which the angle 82 differs from the design angle Bvane of the
screen (§3, Chapter V).
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The results of full-scale tests of Scheme E (cf. Figure 4.16) of a re-
verser incorporating deflecting screens and cylindrical throttling shutters
based on the data of the reports [25, 22, 44] refer to g, = 45°, In stand

tests of engines, aft of the deflecting screens with,svane = 45° were instal-

led exit ducts (cf. Figure 1.12, text page 34), and there were.no wing (or

engine nacelle) elements. Therefore, as noted by the author of the study

[25], flowing of the stream was not observed, and consequently, no deviation

of the stream toward the side of lower exit angles cropped up. The correction

for the angle AR was also not introduced for results of full-scale tests in /151
[22, 44], since the design was developed in such a way as to preclude angling

of the reverse stream toward the side of the engine nacelle ( §3, Chapter VI),.

Data of tests made of models and full-scale reversers incorporating
shutters positioned aft of the exit cross-section of the jet nozzle refer to
design angles Bgas of the shutter or flap inclination. For reversers incorp-

orating cylindrical and conical shutters, the results of their tests are pre-
sented in 81, and the maximum values of Rrev were plotted, respectively, from

data in Figure 4.7 and 4.11. Data of the report [37] for hemispherical and
cylindrical reversers located aft of the exit area of the jet nozzle was plot-
ted on these figures. The first type of reverser consists of a hemisphere,
the second of a semi-cylinder with walls perpendicular to the cylinder axis.
The data for these models are given for optimal ratios of geometric parameters
at which the maximum reverse coefficients were obtained. These reverser
schemes are not devoid of practical interest, as a limiting case when the exit

edges of the deflecting elements are parallel to the engine axis. The §¥ev

values for these models relate provisionally to Bgas ~ 0. The data of full-

scale tests of the reverser of Scheme IV (Figure 1.8, text page 29) also pro-
visionally refers to a certain probable range of angles Bgas’ since the report

[32], does not contain any concrete information about the parameters of the
deflecting elements of this reverser.

Let us look at experimental data for models of reversers incorporating a
central body (Scheme I, Variant 1) with deflecting screens made of leafwise
profiles, with deflecting screens made of profiled vanes and a throttling
diaphragm, Scheme A with deflecting screens made of leafwise profiles positiom
ed aft of the turbine, as well as data for reverser models incorporating
cylindrical and conical shutters,

We can see in Figure 4.61 a trend toward an increase in coefficient of
total pressure recovery in the deflecting elements when the angle of stream
exit is increased. The fact of reduction in total pressure losses with de-
crease in angle of stream rotation is well-known from screen tests. Still,
the level of 9, varies not very greatly in this case, which evidences that the

main fraction of total pressure losses in stream rotation is attributable not
to precisely deflecting elements, but to the rotation of the stream forward
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of these elements. This is also evident from the data given in Figures 4.32,
4.36, 4.40 and 4.50 on the coefficient of total pressure recovery 9, obtained

on the basis of measurement of total pressure field at the exit from the de-
flecting elements of the reversers differing not only in geometric parameters

of the deflecting elements, but also in fundamental design features. The

values of o, prove to be closely grouped in the range of angles Bvane = 30°- /152
50°.

Inspection of the figure shows us that most of the investigated reversers

are situated in a not very wide band of 9, values.
Approximately speaking, the 9, values for the reversers we have studied
lie within the limits 0.7-0.8. We must note that the o, values for reversers

2

incorporating deflecting screens that are located forward of the exit cross-
sectional area of the jet nozzle and those incorporating shutters positioned
aft of the exit nozzle area, given optimal geometric parameters at which high
values of the reverse coefficient are attained, prove to be approximately of
the same level. In a range of stream exit angles of interest in actual prac-
tice, B, = 30°-60°, the lower limit of o, can be adopted for smaller angles of
B, and the upper for larger. In designing reversers incorporating shutters

positioned aft of the exit area of the jet nozzle for design considerations,

we do not preclude the possibility of choosing even nonoptimal geometric para-
meters of the reverser. If we look at the results obtained with reversers_of

this type that do not exhibit optimal geometric parameters, the values of Rrev

and correspondingly g, values prove to be lower than those examined. In the
range of angles Bgasas 30°-60° for reversers incorporating shutters positioned

aft of the jet nozzle exit area, we can take 02*= 0.65, roughly speaking.

We must note that the generalized data of model tests agreed satisfactor-
ily with individual results of full-scale tests.

How essential rational profiling of the throughput section of the revers-
er is, is demonstrated by the results of tests made of a scheme incorporating
screens and external cylindrical shutters in which a very low reverse coef-
ficient was attained, which is accounted for by the unsuccessful profiling of

the deflecting screens. The low level of E¥ev and o, is characteristic also

for a reverser incorporating shutters positioned in the ejector. Still, as
was emphasized in §1 and 2 of this chapter and as we can plainly see from the
figure, rational choice of reverser parameters and, in particular, their de-
flecting elements will allow us to attain an appreciable rise in ¢,. For re-

reversers incorporating deflecting screens, rational choice of the ratio of
deflecting screens sides is, for example, one of the avenues of boosting re-
verser efficiency.
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Owing to the relatively moderate gas dynamic improvement of reversers,
compared with other elements of turbojet engines, attaining the reverser co-
efficient values in the reverse direction that we actually need in practice
necessitates deflecting almost all the consumption. Therefore, the data given
above on the coefficient g, of total pressure recovery and the data about the

/153

stream exit angle (Chapter V) in most cases is sufficient to make approximate
calculations when designing reversers.

If there is a need to attain lower §¥ev values, some of the gas can be

directed to the nozzle. In this case, as shown in §1 of Chapter II, when we
make calculations we have to know the value of the coefficient o1 of total

pressure recovery in the nozzle when throttling elements have been installed
in the gas duct. Some data on h has been given above (Figures 4.32, 4.58,

text pages 104 and 124). Since at present we do not have fuller data on oy

an attempt was made to generalize data on the reverse coefficient given the
presence of gas bypassing in the straight-line direction.

The limited data available on the effect of gas consumption bypassed into
the nozzle on the reverse coefficient are wholly comparable. Some results
were given above (Figure 4.8). When we eliminated bypass through the slit
between the shutters in the reverser scheme shown in Figure 4,40, the reverse

coefficient when T ozzle = 1-8 rose by 8-10% with a 4-5.5% decrease in the

consumption coefficient. The report [32] contains an indication that in the
reverser built under Scheme IV (Figure 1.8, text page 29) a 1% nonoverlapped
area of the ejector insert led to a 2% drop in the negative thrust (evidently

£ ted R = 0. * = 2-
or a rated R value = 0.43 when m ozzle 2-2.5).

Relying on these materials, curves have been plotted for the function of /154
the tangent of the slope of straight lines (Figure 4.8), that is, the ratio

ARrev/Gslit

(See Figure 4.62). We can see a trend towards decrease in the AR___ /G ..
rev’ “slit

with a concommittant increase in the angle Bgas’ where the effect of bypassing

in the function of the angle of throttling shutter inclination.

in the straight-line direction on the reverse coefficient is expressed more
weakly when the reversers_are positioned forward of the nozzle exit area. The

numerical difference in ARreV/Gslit is not very great and is commensurable

with the error introduced by errors in measuring consumption and thrust on
experimental stands.

The data in the figure can be used for estimational calculations when
designing reversers.
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Figure 4.62. ARrev/Gslit

of the Angle of Throttling Shutter In-

clination. % ~ 2.0; R = 0.4
nozzle rev

0.75: 1, Reversers Positioned Forward
of the Jet Nozzle Exit Area; A, the
Scheme Shown in Figure 4.40; e, Scheme
incorporating Deflecting Screens and
Throttling Diaphragm: 2, Reversers
Located Aft of the Jet Nozzle Exit Area;
o, Reverser Incorporating Cylindrical
Shutters (§1); 4, as Above (83 of
Chapter I1V); 0, Scheme IV (cf. Figure
1.8) Based on Data in the Report [32].

as a Function

The sizeable effect of gas
bypassing in a straight-line
direction compels us to focus the
most serious attention on careful
partitioning of the gas duct of .
the engine if we desire to arrive
at a high reverse coefficient.
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CHAPTER V
STREAM ESCAPE FROM DEFLECTING SCREENS AND CONNECTING PIPES OF REVERSERS /155
§1. Stream Escape from Deflecting Screens

Variation in the stream escape angle in the center cross-section along

the length of screen I made up of leafwise profiles (Bvane = 35°) of Scheme I,

Variant 1 of a reverser installed in a nozzle incorporating a central body is
shown in Figure 5.1. The angles were measured at a distance of about 1 pitch

(8 mm) from the exhaust edges of the vanes!.

The curves presented allow us to note several interesting features. We
can anticipate that in streaming over a convex surface of a wall in the front
channel there will be flow separation much like what takes place in streaming
past the extreme vanes of flat screens in a wind tunnel. However, at low de-

grees of pressure reduction (ﬂ;ozzle = 1.2-1.5) this is not observed. The

values of the stream exit angle in the last channel somewhat exceed the design
angle of the vane at the exit from the screen Bvane or are close to it, and

for the greater part of the screen length are less than BVane' Experimental

points near the convex surface of the front channel were not plotted owing to
the fact that the small stream exit angles were found impossible to measure.

This pattern in the curves is accounted for by the ejector action of the
reverse stream, leading to the appearance of rarefaction along the margins of

the stream.

As the extent of pressure reduction became greater, the stream exit angle /157

was observed to increase (ﬂ;ozzlp = 1.8; 2.2). With an increase in the extent

of pressure reduction the escape rate from these screens rose and the rarefac-
tion induced proved to be inadequate to retain the rotation of the stream to-
ward the side of the engine nacelle. This feature is not associated with the
action of the oblique cross-section. Owing to large losses in the screen even

at ﬂ;ozzle = 2.2 the escape rate practically speaking does not exceed the super

sonic level. The rise in the stream escape angle was not noted in the front
channel, to which the action of the induced rarefaction was extended.

IMeasurement of the stream angles as the stream exited from the reversers, the
results of which have been set forth in this chapter, were conducted with dummy
target goniometers made of capron threads, has well recommended itself in the
practice of investigating flat compressor screens.
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Figure 5.1. Variation in the Stream Exit Angle in the Central Cross-Section
Along the Length of Screen | of the Model of a Reverser for a Nozzle |In-
corporating a Central Body. Scheme |, Variant 1: 1, Front Channel; 2, Last
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When there was a substantial rise in the extent of pressure reduction

ﬂ;ozzle > 2.7), along the entire length of the screen the increase in the

stream exit angle owing to rotation in the oblique cross-section is evident.
In the front channel and along the convex surface of the profile of the second
channel stream separation was observed, which shows up also in a higher stream
exit angle. In experiments considerable fluctuation and torsion of the gonio-
meter threads occurred in this area, while at the same time this was not ob-
served in the central channels for the given regimes.

Distribution of the difference in static pressure P, at the exit from
this same screen and ambient static pressure py is shown in Figure 5.2. In

static pressure measurements the aim of obtaining data that would.explain the
above-described pattern of change in the stream exit angle along the length of
the screen was pursued. Information about the value of the static pressure at
the exit from the reverser was also of interest in itself, since it is usually
assumed in calculations that the pressure P, = pressure p,. The figure makes

clear that when w* = 1.3, over the entire length of the screen the static

nozzle
pressure is practically equal to Py> while in the front part of the screen

rarefaction is observed. The extent of this rarefaction increases with greater

reduction of pressure down to “;ozzle = 1.9, then varies only slightly. In the

central section of the screen the static pressure proves to be greater than the
ambient pressure. In the rear of the screen, near the last channel, a rare-
faction region is also induced. Averaging showed that the mean value of the

‘ ~ ) . * -
difference po pyis practically equal to zero, at least as far as Mrozzle
= 2.2.

Results of measuring the stream exit angle along the length of the an-

nular screen made up of leafwise profiles (Bvane = 20°) of a model of a rever-

ser incorporating throttling jet nozzle and pressure distribution along the

engine nacelle are described in Figure 5.3, A decrease in the design angle of

the vanes at the exit from this screen leads to a situation in which the eject-

ing action of the jet stream is manifest up to higher degrees of pressure re-
duction: the flow pattern for degrees of pressure reduction equal to 1.8-2.5 is /160

. . . — o * = _ .
similar to that described for the angle Bvane = 35° when M ozzle 1.2-1.8 in

the last channel of the screen the stream exit angle is somewhat larger than
the design angle of the vanes at the exit. In the other remaining channels the
angle 82 is smaller than the angle Bvane' The angle 32 attains its smallest

value in the front channel. Rarefaction is observed forward of the screen on
the engine nacelle surface. Rarefaction is reduced with increasing distance
from the screen. At some distance from it the ratio p/pH becomes equal to

unity. It is also clear from the figure that pressure on the engine nacelle
in some range of pressure reduction values remains unchanged, which does agree
with the results of measurements on screen I.
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Figure 5.2. Variation in Difference Between Static Pressure at Exit From Screen Py and
Ambient Pressure Py in the Central Section Along the Length of the Screen | of a Model of
a Reverser in a Nozzle Incorporating a Central Body. Scheme |, Variant 1, 1, Front Channel;
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Thus, we see that the stream escaping from the front channel of the
screen exhibits the greatest deviation from the design angle as it immediately
adjoins the rarefaction area.

To clarify the qualitative structure of the stream, a strip of organic
glass coated with a thin layer of liquified white gauche was placed at the
exit from the screen. Black gauche was applied on this layer at several
points. When streamlining passed over this strip the liquid dye was swept
along by the stream leaving distinctive traces in the direction of the stream-
line.

Naturally, these traces reflect the over-all flow pattern during the
period of change in the extent of pressure reduction down to the highest value
in testing. Application of this method allows us to clarify the stream direc-
tion in direct proximity to the engine nacelle where measurement with acces-
sories is difficult.

We can see in the photograph obtained for an increase in ﬂ;ozzle up to

2.0 the influence of the ejecting effect on the deviation of the stream as it

exits from the screen. The stream flows along the surface of the engine
nacelle.

For a vane exit design angle equal to 50°.5 (Screen II of the reverser
model of a nozzle incorporating a central body), the flow pattern differs some

what from that described above (Figure 5.4). When ﬂ;ozzle < 1.8, the stream

exit nozzle along the length of the screen changed only slightly. There was
no such decrease in the angles in the front channels as was the case in the
screen I. But the values 62 were also less than the design angle. When

ﬁ;ozzle = 2.2, we can see an increase in the stream exit angle owing to its

separation in the front channel. When ﬂ;ozzle = 3.2, the effect of the

oblique cross-sectioning of the screen is marked.

Angling of the stream escaping from the slit at an acute angle to the
surface toward the side of the latter is known by the Coanda effect and has
been observed in several other textbook problems.! We know, for example, that
a stream escaping from a screen of a finite number of profiles in the stages
of turbines with partial feed of working fluid deviates toward the side of the
diaphragm [4].

The curves describing the stream exit angle BZa averaged over the screen /161

length for the central section of-the screen as a function of the extent of
pressure reduction is:

IMany theoretical and experimental studies deal with the Coanda effect, and
of these a large number is given in the report [47].
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where a = length of screen, are plotted in Figure 5.5. We note that with a
decrease in the density of screens made of leafwise profiles (Screen III) for
degrees of pressure reduction greater than 1.5, there is a certain increase
in the stream exit angle compared to the value for the screen that has higher
density (Screen II). Data is also plotted in the figure for screens made of
profiled vanes in which the number of channels z = 6, differing in the sub-
tended angle. It is evident that in these screens as well, for degrees of
pressure reduction corresponding to the working regimes of reversers, the
stream in the central section also exits at angles less than the design angle

of the screen B = arc sin a___/t.
screen gas

p2

60

30

40

Figure 5.4. Variation in the Stream Exit Angle in the Central Cross-Section
Along the Length of Screen || of the Model of a Reverser Installed in a Nozzle
Incorporating a Central Body. Scheme |, Variant 1. The symbols are the same
as those in Figure 5.1.

The stream at its exit from the deflecting screens of a reverser is three-
dimensional in character. Distribution of stream exit angle averaged over
screen lengths in the cross-sectional area of the screen IV made of leafwise
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profiles (8,

0 =

ane

110°, z = 6) is plotted in Figure 5.6. W
extreme section exits as smaller angles than in the center sections.

= 67°) and for screens made of profiled vanes (B ~ 31°,

screen
e can see that the stream at the
This

can be explained by the fact that the rarefaction induced along the margins

of the stream turns the stream along the margins.

When the extent of pressure

reduction in the screen IV is increased, the difference between the angles
B in the central section of the screen and in the extreme sections is re-

2a
duced.

The difference between angles Boga in these sections varies only slight

ly in a screen that has smaller stream exit angles.
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Thus, the average value of the

stream exit angle for the screen as a

whole

is le

B8 Boad

=1
5

2

SV

ss than the angle Boa in the

central section averaged over the

scree
gimes

B2,av

B2,av

n length. Thus, in working re-
of the reverser, for the angle
~ 62° (cf. Figure 5.5) the angle

differs on the average by about

1° from the angle B,,» While in the

case
25°

2°.

the s

when the stream exit angle 82 av
3

--30°, the difference is about
This difference is the smaller,
maller the subtended angle of the

screen, which does follow from in-
spection of the arrangement of experi-

mental points for & =

70° and 110°.

Owing to symmetry, the stream exit

angle

Pressure Reduction Dependence

of Stream Exit Angles Averaged Over Screen
Length BZa in the Central Section of the

Screens and the Angle 62 av Averaged Over

the Screen as a Whole for a Model of a

Reverser Built as Part of a Nozzle Incorp-
orating a Centarl Body: Scheme |, Variant 1, With Screens i, Il, {11, and 1V,
Made of Leafwise Profiles; Scheme |, Variant 2, with Screens Made of Profiled
@ — 0=70° @, 0— 0=110°

Vanes (

6):

zZ =

averaged over screen length for

annular screens agrees with the

mean value of stream exit angle

for the screen as a whole.

Th i i-
e angle BZ,aV remains practi

cally unchanged for the model
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of a reverser incorporating a throttling jet nozzle with such screens in the

s - - - ~
investigated range Mozzle 1.8-2.5,

Figure 5.6. Variation of Stream Exit Angle Averaged Over Screen Length in the
Cross-sectional Area of Screens that are Part of a Reverser in a Nozzle In-
corporating a Central Body: a, Screen IV Made of Leafwise Profiles; Scheme I,

Variant 1: % - . " _ . * _ .
©> ™hozzle 1.51:0,m nozzle ~ 1.92; ¢, Tozzle ~ 2.35;
b, Screen Made of Profiled Vanes with 6 = 110° and z = 6, Scheme |, Variant 2:

= 1.18; A, 7* = 1.95; O, m* = 2.6h4,

[o) TI-:':
> "nozzle nozzle nozzle
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§2. Escape of Stream from Deflecting Connecting Pipes

Figure 5.7 shows, for ";ozzle = 2.2, the variation of stream exit angle

along length of deflecting connecting pipe in a reverser incorporating throt-
tling shutters, as well as distribution of pressure along the engine nacelle.
The flow pattern at the exit from a connecting pipe of a reverser and pressure
distribution at the engine nacelle are qualitatitively similar with that de-
scribed above for deflecting screens when g . = 20° and 35°. The figure

makes clear that in the rear half of the exit cross-section of the connecting
pipe the stream exit angle is greater than the connecting pipe design angle

at its exit, but in the front half.it is less. The stream exit angle is smal-
ler in the extreme sections of the connecting pipe than in the central section
The smallest values of the stream exit angles are found in the longitudinal
section around the inner side of the connecting pipe, which is more closely
situated to the other connecting pipe of the reverser. As a result, the
stream exit angle averaged for the connecting pipe as a whole is less than the
design exit angle of the connecting pipe.

. 1 .
Line of Stream Angle F& 2 View T
Measurements :i_
-
g:—-;——- . %—
I~ f
— J,J!v___ s .
2 AP B ]
! Inperside N
Point at Which the Static
Pressure was Measured
[
Ml |
10

R~
©
=

—r
X

:;;sj’ o
=

20t M ______ LT -
L~
, ]
0L R -~ d
T 14 12 7.0 0.8 06 0,4 0,2 0

Figure 5.7. Variation of the Stream Exit Angle Along the Length of the De-

flecting Connecting Pipe of a Reverser (cf. Figure 4.32), T zzle = 2.2,
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Figure 5.8 presents a photograph of the flow pattern at the exit from the

connecting pipe as “;ozzle is increased to 2.0. We can graphically see the

fan-shaped pattern of the stream. It is easily discerned that the stream
flows along the engine nacelle surface.

b e

Figure 5.8. Pattern of Flow Exiting from Deflecting Connecting Pipe of a
Reverser (Figure 4.32),

The results given above for measurement of the stream exit angle pertain
to models of reversers in which the surface of the oblique cross-section of
the deflecting screens or connecting pipes lies flush with the surface of the
engine nacelle. If the surface of the oblique cross-section of the deflecting
connecting pipe will project substantially, then it is obvious that, independ-
ently of the angle at which this connecting pipe projects, there will be no
rarefaction induced along the engine nacelle which had brought about turning

of the stream toward the engine nacelle side.

Studies of a model of a reverser incorporating deflecting connecting
pipes and throttling shutters, described above in §5 of Chapter IV (cf. Figure
4.55), have show that even when the engine nacelle surface is removed about
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1/3 the length of the deflecting connecting pipe from the surface of its
oblique cross-section differences are observed in the distribution of stream
exit angles (Figure 5.9). We can see from the figure that in all the cross-
sections of the deflecting connecting pipe the stream around the external
wall 1 over the entire cross-sectional area in the rear channel 2 extends at
angles that are greater than the design angle of the connecting pipe and the
guide vanes at the exit, which is explained by flow separation from the vane
backs. This pattern of the curves agrees with the results of measurement of
total pressure at exit from connecting pipes. Stream exiting at angles less

than Bvane has been observed in the first two channels only from the inner
side of the connecting pipe, to which evidently the influence of rarefaction

induced in the zone between connecting pipes had extended. The value of the
stream angle obtained by averaging over the entire exit cross-section proved
to be about 1° greater than the angle Byane in the range of degrees of pres-

sure reduction that are of interest in actual practice:

T f 1,64 2,04 ‘
nozzle

B2 av 41,5 40,5 l 41,6

Figure 5.9. Variation in
Stream Exit Angle Athwart the
Deflecting Connecting Pipe of
a Reverser (Figure 4.55),

T ;o= 2.0.
nozzle

§3. Generalized Data on the
Angle at Which a Stream
Exits from Deflecting
Screens and Connecting
Pipes of Reversers

Figure 5.10 presents the
values of the difference AB
between the design angle of

design angles of screens and
the angle 82 av of exiting

stream averaged for the screen
as a whole:

ymnso 49 20 0
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A = 8 AB =

vane B2,av’

as a function of the M2 number at the exit.

Bscreen B2,av

The figure presents the data for

deflecting screens of a reverser for a nozzle incorporating a central body,
and for a reverser incorporating connecting pipes and throttling shutters. 'In
plotting the graph we also used data for reversers incorporating an annular

screen and a throttling jet noz:zle.

ap I
S
5 —— N,.\. - - . 10
o \ 2] o]
]
4 é K—\;ﬁ——u—— o
¢ ~N
\\
2 { B
N\
0 ¢
G4 0.5 06 a7 08 09 10 11 M,

Figure 5.10. Angle AR as a Function of the

M2 Number at the Exit from Deflecting Screens

and Connecting Pipes Under Stand Conditions.
Reverser of a Nozzle Incorporating a Central
Body: o, Screen made of Profiled Vanes (6 =
= 110°, z = 6); A, Screen IV Made of Leaf-
wise Profile. The Reverser lncorporating
Annular Screens and a Throttling Jet Nozzle:

o, Bvane =20°; M, Bvane = 30°; o, Rever-

ser Incorporating Connecting Pipes and Throt-
tling Shutters (Figure 4.32).

From the literature we
are acquainted with the so-
called Ainley curves (cf.
for example, [15]), according
to which, at subsonic velo-
cities of escape from turbine
screens of a reactive type
the stream is not rotated up
to the design angle of the
screen by some angle (AR < 0).
In contrast to turbine scre-
ens, escape of a stream from
deflecting screens of rever-
sers is characterized by an
increase in the angle of
stream deviation (AR > 0).

We can clearly see from
the figure that when there

is an increase in M2 we ob-

serve a certain trend toward
a reduction in the angle AB.
However, when M2 = 1, the

value of AB, generally speak-

ing, does not equal zero, as

in the case of turbine

screens, owing to the fea- /169

tures of flow exiting from the screens and connecting pipes of reversers noted
above. Bearing in mind the precision at which angles were measured, estimated
at not higher than *1°, the figure presents a plot of some averaged curve for
deflecting screens and connecting pipes at stream exit angles in the range of

approximately 15° to 65°.

To the first approximation the curve in Figure

5.10 can be used in estimating the correction AR on the stream exit angle for
streams exiting from deflecting screens and connecting pipes of reversers when
their oblique cross-section surfaces located flush with the engine nacelle

for stand performance, that is, without external flow.

Figure 5.11 presents a curve of the angle AB as a function of the angle

) for m*

B (8 nozzle

vane screen
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Also plotted in the figure are data for the reversers not considered above,
incorporating connecting pipes and throttling shutters at Bvane angles equal

to 20°, 30°, 50°, 60° and 70°, as well as data for a reverser incorporating

annular screens with Bvane = 50°. For these models, measurement was made of

static pressure at the engine nacelle surface under the reverse stream, along
with measurement of angles. As the angle Bvane is increased, static pressure

at the point near the front wall of the connecting pipes (screen) draws closer
to the value of the ambient pressure, but when B = 70° it is practically /17

vane
equal to the pressure . When B = 70° the angle AB proves to be equal to
q b Py vane g P q

zero. It is obvious that Bvane = 70° is some limiting design angle of the

connecting pipe at which the stream exits along the connecting pipe walls and
does not deviate toward the engine nacelle side. However, for the close value

of the angle Bvane = 67° for deflecting screens with a subtended angle 6 =

= 110°, the angle AR differs markedly from zero. Thus, the limiting design
angle at which A = 0 depends not only on the angle B ane® but obviously also

on the number of reverse streams and their mutual disposition. Some average
curve is presented in the figure to the first approximation. The value AB in

the range of angles Bvane (Bscreen) = 30°-50° that is of practical interest

[+
to us, depends only weakly on Bvane’ where AR~ 4,

Figure 5.11. Angle AR and Pres-

g- — - - , — sure on Engine Nacelle Around the
H | Front Wall of the Connecting Pipe
0% ) e as Functions of the Angles Bvane
or B of the Deflecting
screen
092 Screens and Connecting Pipes of
0 20 30 40 S0 60 70 9 rtp
Bvane Reversers Under Stand Conditions
A; o Bscreen (ﬂﬁozzle = 2.0): o. Reverser with
Screens |V of Nozzle Incorporating
4 _~ﬁ.$i_~_§L~.fL-—q ) ° a Central Body; ¢, Reverser In-
TR corporating Connecting Pipes and
B J Throttling Shutters; x, Reverser

o Incorporating Screens and Throttl-
Byane ing Jet Nozzle.

0
o 2 30 40 50 60

In conclusion we will make a few remarks. Data on the stream exit angle
for stream exiting from reversers has been obtained under stand conditions,
that is, without external flow. The presence of external flow can have a
bearing on the flow direction as it exits from the reverser. Experiments with
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jets was distributed at an angle to the entraining stream have shown that at
the front side of the jet, owing to flow stagnation increased pressure is
built up [7, 19, 24]. The rise in pressure along the margin of the jet can
reduce the rarefaction in the region between the engine nacelle and the front
part of the jet and lead to a reduction in the angle AB. Studies of reversers
in an external flow, described below (582, Chapter VI), as well as experiments
with jets have revealed that when external flow is present, owing to rotation
of the jet a rarefaction zone is located aft of the stream. This rarefaction
leads to the appearance of a negative thrust component. Thus, in external
flow the possible reduction of the angle AR is- compensated by a rise in nega-
tive thrust applied on the surface of the engine nacelle. Studies conducted
with models of reversers allowed us to establish that when an external flow
passes over them at velocities corresponding to aircraft landing conditions
the reverse coefficient is not only not reduced, but, on the contrary, is in-
creased by several percent (§1, Chapter VI).

Relying on these results in estimational calculations of reversers, usual-
ly no correction on the angle AB is introduced. We will assume 32 ~ B

(8 ).

screen

vane

146



CHAPTER VI

EXPERIMENTAL STUDY OF REVERSERS ON MODELS PAST WHICH EXTERNAL FLOW IS /171
STREAMLINED AND STUDY OF A TURBOJET ENGINE INCORPORATING A REVERSER
INSTALLED ON AN AIRCRAFT

§1. Effect of External Flow on Reverse Coefficient

The value of negative thrust acting on an aircraft depends not only on
the inlet impulse of air passing through the engine and the design of the re-
verser itself, but also on how the engine incorporating this unit is arranged
on the aircraft. The reverse stream can substantially alter aircraft stream-
lining and the resistance of certain of its parts. For example, in calculat-
ing the aerodynamic resistance of an aircraft equipped with reversers we must
take account of the increased resistance of the engine nacelle that stems from
bottom rarefaction induced in the exit area of the jet nozzle in the absence
of engine gas exhaust.

An investigation of the effect of externalflow on the reverse coefficient
was conducted on a simplified model of the reverser, described above (54,
Chapter IV). In place of throttling tilting vanes, the gas duct was partition-
ed with a diaphragm. Tests showed that the negative thrust of the nozzle
rose somewhat with increase in velocity of external flow. The rise in exter-
nal thrust with increase in velocity is explained by the induction of rare-
faction along the external surface of the conical part of the nozzle lying be-
yond the deflecting screens. The appearance of rarefaction at the tail end
of the nozzle is associated with angling of the reverse stream by the external /172
flow: the streamlines of the reverse flow become twisted and a pressure dif-
ference shows up at the external and internal margins of the stream , which
equalizes the centrifugal forces induced in the motion of particles along the
curved sections of the trajectories. The increase in external resistance of
the engine nacelle that shows up with the appearance of a reverse stream swept
along by the flow can be viewed as an increase in negative thrust of the noz-
zle.

The values of the reverse coefficient obtained for different streamlining
velocities without allowing for the inlet impulse are shown in Figure 6.1 in
the form of experimental points. Thus, in the absence of external flow (VH =
= 0) and when the extent of pressure reduction ﬂ;ozzle = 2.0, the reverse
coefficient ﬁ?ev = 0.6. When the velocity of the external flow is 45-60 m/seg

the reverse coefficient rose to 0.65, that is, by 8.5%. The increase in the

reverse coefficient was observed also for other values of W;ozzle' Based on

the results of nozzle testing in the presence of external flow the values of
engine reverse coefficient Prev were calculated with account taken of inlet
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impulse for different VH values.

the figure with solid lines.
with increasing aircraft velocity.

the reverse coefficient R = 0.6, when V
rev H

The results of the calculation is shown in

The reverse coefficient of the engine increases
Thus, while when n*

= 1.9 and VH = 0,
1.05, that 1is,

nozzle
= 60 m/sec Pr

eV

larger than the direct thrust produced by the engine.

R
rev rev
15

g \
(]
} 5
Q,

\ &

oa b3 5 mo‘g &n
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nozzle

Figure 6.1. Reverse Coefficient E}

and P
rev

Pressure Reduction for Different Ex-

ev
as Functions of the Extent of

ternal Flow Velocities: o, VH =0
m/sec; o, VH = 15 m/sec; e, VH = 30
m/sec; VH = L4g m/sec; A, VH =
= 60 m/sec.

§2. Flow Past a Model of a Nozzle
Equipped with a Reverser

Side-by-side with investigat-
ing characteristics of reversers,
study of the propagation of the re-
verse of stream in the external
flow, whose velocity varies from
zero to the aircraft landing velo-
city (wind velocity) is of great
interest. The region of reverse
stream propagation depends on the
ratio of the velocity in the stream
to the velocity of the external
flow.

The reverse stream impinging
the airport must not errode the
airport paving and, spreading along
the ground surface forward and to
the side must not be ingested into
the aircraft's air scoops or re-
duce visibility from the pilot's
cabin.

The pattern of reverse flow propagation can be studied on models of re-
versers in wind tunnels that model the external flow when an aircraft is land-

ing.

Velocity flows in the vicinity of the reverser are shown in Figures 6.2

and 6.3 in the form of lines of equal values of the ratio V = V/VH of local

velocity to the velocity of the unperturbed flow streaming past the model.

The reverser consists of a cylindrical nozzle 48 mm in diameter, two win-

dows symmetrically positioned in the lateral walls of this structure.

Deflect-

screens with a subtended angle of 120° are located in the windows.

Velocity fields are determined by means of a comb with T-shaped fittings

insensitive to downwash up to *15°.

When measurements were made in the re-

verse stream zone the fittings were not oriented along the stream, therefore
all results relating to severely tortuous sections of the stream must be view-

ed as approximate.

Owing to symmetrical streaming past the model, the velo-

city fields are represented only in one-quarter of the coordinate plane
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positioned perpendicularly to the nozzle axia at distances x = 0, 260 and 550
mm from the exit area of the jet nozzle and also in the upper half of the
plane [yx passing through the nozzle axis.

y mre x=0 ¥ MM wx=250»m

3000 ] 306 T l
- S~ &

v=]0.

200 200,

700

700

°200 2 MmO 00 % z mm

Figure 6.2. Velocity Field V = V/VH in the Reverse Stream in the Plane yz
when the Velocity of the External Flow VH = 40 m/sec and the Extenf of Pres-

sure Reduction in the Reverser.p ¥ = 1.9 for Different Distances From the

Nozzle. nozzle
! e The extent of pressure
0 reduction in the nozzle was
] =9 ”;ozzle = 1.9, that is, the
S — - gas escape rate from the noz-
' 3 ,,>-‘"0;9 zle was close to the speed of
’ sound. With increasing sep-
L(; & f__:: oa g aration from the nozzle the
N ’ velocities in the entrained
. reverse stream become equal-

) . .
400 500 x pamt ized and the stream widens.

In direct proximity to the de-
flecting screen exist regions

Figure 6.3. Velocity Fields in the Reverse with negative velocities.

Stream in the Plane yx When the External

Flow Velocity V, = Lo m/sec: , When A reduction in the velo-
X 2zle = 1.9; — . — . — ., T zzle = 2.5; city of the unperturbed flow

or an increase in the extent
of pressure reduction (dash -
dot line in Figure 6.3)

leads to an enlargement of the
region occupied by the reverse stream. The stream in this case penetrates
somewhat further aghead.

----- , Stream Axis.
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The line of minimum velocities can be called the axis of the reverse
stream. The axis of the stream at a considerable distance from the nozzle is
not parallel to the nozzle axis, that is, the reverse stream retains vertical
escape velocity components from the screen.

If we look at the velocity profile in the upper stream relative to the
axis in a nondimensional form, then it turns out that the shape of the velo-
city profile is practically independent on the distance from the nozzle exit
section, or on the velocity of the external flow. Figure 6.4 presents a pro-
file of dimensionless velocities in the entrained reverse stream. As dimen- /175
sionless variables the following were taken: the ratio VH - V/VH - Vmin and

y - yO/y’ - Ypo where VH = rate of impinging flow; V = velocity at point with
coordinate y; vmin = velocity at stream axis in a given section; Yo = distance
from nozzle axis to stream axis; y' = distance from nozzle axis to the point

at which the velocity is equal to the half-sum of the velocities VH + vmin/

/2. Consequently, in the reverse stream similarity of velocity fields similar
to the similarity of the profile in the wake after a body exists [1].

Beyond the bounds of the
o ] reverse stream it is convention-
HoTmin ‘\ng al to take a line along which
the velocity is equal to the
velocity of the unperturbed
© flow, that is, V = 1.0.

Uy -V

(¢}
<

05
0 | A photograph of stream-
lining of the reverse stream
| is shown in Figure 6.5 for two
A-o Y-y values of external flow velo-
0 0,5 7,0 ) g city VH = 29 and 38 m/sec. The

ratio of the reduced escape

Figure 6.4. Profile of Dimensionless velocity from the screen A, to

Velocities in the Reverse Stream When the velocity of the impinging
¥ = 1.9: stream A, is, respectivel

nozzle ? > g *s p Y
V=60 m/SeCo — xe560 sa; [0 — x=280 ya; Vpy= 10 m/sec; )\2 = 4,8 and 3.6. We can see
®'— x=0 acat; - =260 aeary Vg~ 23 ITI/SGC ® —x-0 s 0 —x=

that the stream penetrates for-
ward several nozzle calibers
and becomes greatly dilated.
The distance from the nozzle axis to the margin of the reverse stream ¥ and
the distance to which the stream penetrates forward X measured in calibers of
a critical nozzle section, vary linearly as a function of the ratio of the
reduced velocities Xé (Figure 6.6). Here the boundaries of the stream, deter-

=260 aa; f—V- 560 deu

mined from photographs of stream propagation in the impinging flow, agree well
with the boundaries determined from changes in the velocity fields, where the /176
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line V = 1.0 is taken as the boundary. At small and high degrees of pressure
reduction in the nozzle, the results proved to be similar for the same ratios
of reduced velocities. This betokens the small influence of compressibility
on screen dimensions. Consequently, many studies of propagation of the re-
verse stream in the impinging flow can be conducted without setting up full-
scale conditions as to pressure. In tests, geometric similarity and the
similarity of the reduced velocities in the reverse stream and the impinging
flow must be retained.

If the nozzle is oriented
at some angle of attack to the
impinging flow, then the sym-
metry of propagation of reverse
streams is violated. From the
side of increased engine stream
exit angle, measured from the
direction VH’ the reverse stream

propagates more towards the side /177
from the nozzle, and from the

side of reduced engine stream

exit angles the reverse stream
propagates more in the forward
direction. After the reverse

stream has been rotated by the
external flow their direction
approximates the direction of

the impinging flow.

The effect of the angle at
which the stream exits from the
deflecting screens on the form
and dimensions of the reverse
stream entrained by the flow are
shown in Figure 6.7. The lines
of equal velocities in the re-

- verse stream cross-section in
a, V, = 29 m/sec, Ay = AZ/AH = L.8; b, the play xy where z = 0, plotted
VH = 38 m/sec, Xé = 3.6. in the figure were obtained for

escape from screens that had a

design angle of vanes at the exit point of, respectively, 37°, 55° and 90°.
In this case the length of the screen was varied in such a way that consump-
tion through the reverser remained unchanged. The escape velocities differed
only owing to deviations in the value of losses in the screens that had dif-
ferent angles Bva As the stream exit angle was increased, the transverse

Figure 6.5. External Flow Past an
Isolated Nozzle Equipped with a Reverser:

ne
dimensions of the reverse stream initially rose, but then decreased. The
depth of stream penetration forward decreased with increase in stream exit /178
angle and is equal to zero for escape perpendicular to the impinging flow.
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Figure 6.6. Distance by Which the Reverse Stream Penetrated Forward X and
upward y in Calibers of the Critical Nozzle Cross-section as a Function of
the Ratio of the Reduced Velocities for Different Degrees of Pressure Reduc-

tion. Distance up to the Line V = 1.0; x, u* = 1.05; o, 7% =1.,12;
nozzle nozzle

o, T azle 1.5; o, T zle - 1.9; A, ™ szle = 2.5, Distance up to the

Eo$n?;ry of the Stream Judging from Photographs:QO, T szle = 1.05;m, T szle

From the viewpoint of the arrangements on the aircraft, the substantial
penetration of the stream forward can be detrimental. For example, if the
reverser is located in the wing, then there is the probability that the gases
will be thrown into the engine inlet. Additionally, the reverse stream extend
ing closely over the wing can bring about substantial change in circulation
over the wing. For the case when the reverser is installed in the tail end of
the fuselage heated gases can reach the trailing edge of the wing and the land-
ing strut, which will result in their heating. Therefore, for identical values
of reverse coefficients preference must be given to the reversers that have
large angles of stream exits.

Increasing screen length for a given Bvane leads to variations in the

momentum in the reverse stream owing to an increase in gas consumption and also
has the same effect on stream dimensions as an increase of the velocity at
which the stream escapes from the screen or a decrease in the velocity of the
impinging flow (Figure 6.8). We can also discern from the figure that a size-
able increase in screen length will lead to a sharp change in reverse stream
shape and dimensions. Doubling screen length brings about an approximately

1.2 times greater increase in reverse stream width. This is accounted for by
the fact that the momentum in the reverse stream is proportional to the linear
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dimension (screen length), but the momentum of the external flow acting on the
reverse stream is proportional to the square of the reverse stream radius.

Figure 6.7. Form of Reverse Stream in the Plane yx when the External Flow
Veloci ty VH = 40 m/sec and for Different Design Angies of Vanes in Deflecting

Screens, m¥ = 1.9.
nozzle

When the number of channels in the screen is increased from z = 2 to z =
= 7 and when there is a corresponding increase in consumption aft of the nozzle,
a region appears where the velocities in absolute value are greater than the
velocity of the unperturbed flow. In the plane yz these regions girdle the
zone of reduced velocities (cf. Figure 6.9). The upper part of the reverse
stream, the region of increased velocities rapidly disappears, and along the
sides of the reverse streams these regions can be traced, at low external flow
velocities, for sizeable distances from the nozzle.

Consequently, the reverse stream not only is retarded by the oncoming
stream, but is also rotated rearward, retaining a higher velocity than the
velocity of the impinging stream.

Photographs of the reverse stream in the presence of a screen modeling
the '"'ground" are shown in Figure 6.10. The stream escaping downward spreads
along the sides and in the forward direction upon striking against the screen.
Propagation of the stream along the screen depends on the ratio of the reduced
velocities Xé of escape from the nozzle and of the impinging flow, and also

depends on the angle at which the stream exits from the reverser. At low ex-
ternal flow velocities, the stream reverberating from the screen envelopes the
nozzle from the top and penetrates far forward. Increasing the stream exit
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angle will lead to a reduction of reverse stream propagation along the screen, /181
as can be seen from comparing Figure 6.10a (Bva = 55°) and Figure 6.10 b

ne
(Bvane = 90%).

§3. Flow Past a Model of an Aircraft Equipped With a Reverser

Figure 6.11 presents the scheme of aircraft model placement in a wind.
tunnel with an exposed working section. In this case one of two engines lo-
cated in the wings of the aircraft near the fuselage, one wing, and all of the
tail assemblies are modeled. Compressed air, modeling the reverse stream is
fed to the nozzle along the tube that has a flexible section in order that,
when the angle of aircraft attack is varied the angle between the fuselage
axis and the engine nacelle will remain unchanged. The model is secured to /182
three supports that make it possible to vary the aircraft's angle of attack.

Figure 6.12 presents the velocity field in the reverse stream for a 4°
angle of attack of the model aircraft in the absence of the screen modeling
"ground'". Used as the angle of attack of the aircraft model was the angle
between the direction of the external flow (axis of pipe) and horizon line of
the aircraft's fuselage. The results of measuring the velocity fields are /183
given in the flow system of coordinates. The origin of coordinates lies at
the aircraft's center of gravity, and the axis z is directed toward the side
of the semiwing on which the nozzle model is mounted. The graphs also present
plots of fuselage cross-sections and the control surface planes parallel to
the plane yz for the corresponding values of the coordinate x. In the section
of the plane x = 230 mm the projection of the nozzle is shown arbitrarily,
since it does not extend into the section.

As in the case of flow past an isolated nozzle, as the impinging flow
velocity rises the region in which the reverse stream propagates becomes nar-
rower, Since the reverse nozzle is located at an angle both with respect to
the fuselage as well as to the wing chord, the reverse stream is not symmetri-
cal relative to the horizontal coordinate plane, but is somewhat shifted down-
ward. The presence of circulation around the wing distorts the lower part of

the stream more strongly than the upper.

The velocity near the tail assembly, with variation in the velocity of
the impinging flow from 15 to 55 m/sec, changes but slightly. However, there
does exist a velocity gradient within the framework of the tail assemblies.
With a strong side wind this velocity gradient can lead to the induction of
asymmetrical load on the tail assemblies.

The variation in the flow rate at the tail assembly associated with change /184
in the aircraft's angle of attack is limited.
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Figure 6.10. Reverse Stream Subjected to Streamlining by the External Flow

in.the Presence of a Screen Modeling '"Ground': a, VH = 65 m/sec; AZ = 4,75;
B = 55°; b, V, = 65 m/sec; A, = 4.75; 8 = 90°.
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Figure 6.11. Positioning Scheme of a Model of an Aircraft Equipped with a Re-
verser, in a Wind Tunnel.

Relative velocity fields in a study of the aircraft model elose to
"ground" are shown in Figure 6.13. When the external flow velocity VH < 50

m/sec, the reversed stream strikes the '"ground” and spreads along it. At high
velocities the reverse stream is situated between ''ground" and the wings and
slightly spread along the latter. Velocities are lower at the tail assembly
than for tests without a screen. Below Table 5 lists values of the relative

velocity V at the horizontal control surfaces obtained from testing an air-
craft model.

At low external flow velocities the lower stream extends out from under

the wing and envelopes it from above. In this case discharge of gases and
dust from the airport to the engine's air intake is possible.
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In order to reduce the probabil-
ity of ingestion of the stream re-
flected from the ground into the
engine'’s inlet, the reverse stream
can be angled to one side away from

For example, double angling of the stream can be accomplished
first in the vertical plane passing

through the nozzle axis, and then in the plane perpendicular to the nozzle axis

TABLE 5.
a=0° o=4° l a—8°
VH Distance to Screen
m/sec — -
oo 100 e oo 100 sx | o0 100 ax

15 0.65 0,40 0,70 - — _

25 [0,70—0,75 — 0,70—0,80{ 0,50 0,68 | 0,50—0,60
40 0,75—0.80|0,355—0,70|0,60—0,75]0,55—0,70 | 0,65—0,80 | 0,30—0,70
55 |0,70—0,80|0,45—0.70 | 0,55—0,80 | 0,47—0,70 | 0,50—0,65 | 0,45—0,60

The velocity fields for this case are given in Figure 6.14 for aircraft
past which an unbounded flow streams, and in Figure 6.15 for the aircraft close
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to "ground". Angling of the stream occurs at an angle of 30° to the vertical
plane running through the nozzle axis.
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ingestion of gases into the engine inlet occurs is reduced, and the amount of
gases striking the engine is also decreased, since it is not the center of the
stream but only its blurred margin strikes the air intake zone.

5§k, Several Results of Investigating the Turbojet Engine Equipped with a
Reverser and Experience in Final Adjustment of Reversers on an Aircraft

The basic problems that have to be solved in final adjustment of a rever-
ser on an aircraft, as stated in §1 of Chapter III, include the ingestion of
the reverse stream into the engine inlet and the temperature conditions of the
aircraft structural assemblies close to the reverse stream.

The operating conditions of an engine equipped with a reverser depends
quite heavily on the engine's location in the aircraft. However, relying on
the example of a number of studies it appears possible to outline several gen-
eral principles.

NASA (United States) has conducted studies [33] of a hemispherical re- /187
verser located aft of the jet nozzle exit of an engine installed in the engine ~—
nacelle on the B-47 (Figure 6.16). If the aircraft is immobile (Figure 6.17),
then in the course of cutting-in the reverser, owing to ingestion of the re-
verse stream into the engine inlet the inlet temperature climbs rapidly, and
does so to a greater extent the higher the engine rpm setting. Subsequently,
the inlet temperature continues to rise slowly, associated with increase of the
temperature over the entire gas-air duct of the engine.

In the landing run of
the aircraft, the inlet temp-
‘ ;, erature remains unchanged as
- J the reverser is cut-in (Fig.
\\ = 1300+ 6.18). This means that some
/ of the gas deflected in the
reverse direction is swept
-~ along by the oncoming flow
630 | and does not enter into the
7 @420 engine inlet. When the re-
2604 | 4930 verser has been fully cut-in,
some time has elapsed during
which the reverse stream does
not enter the inlet and the
inlet temperature remains
Figure 6.16. Installation of a Hemispherical constant. Then, as the air-
Reverser on an Aircraft [33]. 1, Engine craft slows down an intense
Nacelle: 2, Reverser; 3, Pylon; 4, Aircraft temperature rise sets in.
Wing; 5, Screen. For a given placement of an
engine on an aircraft and
when it operates at maximum
regime, the reverse stream does not enter into the inlet if the aircraft's
landing run speed is greater than 115 km/hr. As the rpm setting goes down we

~

825,

-
-—l 0940 L
1380 -4
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observe a trend toward a reduction in maximum inlet temperature; a decrease in
the landing run velocity at which the reverse stream enters into the inlet is
also graphically evident. This latter fact is associated with a decrease in
the long ranging status of the stream as the engine rpm settings are reduced
and is in accord with the results given in §2 of this chapter. A rise in the
inlet temperature leads to compressor stalling and reduces the reverse thrust
of the engine and the braking effect of the reverser. The inacceptability of
exceeding some fixed temperature at the inlet limits the time during which the
thrust can be reversed. At a specific landing run velocity the reverser must
be cut-out or the engine must be switched over to a lower rpm setting. Thus,
for example, the operating time of the reverser installed in the Avon Rolls-
Royce turbojet engine on the De Havilland Comet IV at an rpm setting of approx-
imately 0.5 of maximum is 15 sec.

(t. - t.)°C The minimum landing run
inlet HY 3 , velocity at which the reverse
b0 stream still does not strike

l into the engine inlet depends

on a multiplicity of factors

1

]

]

]

1
L o 7& 1] . ,

! © ot associated with the placement

! of the reverser in the air-

! craft. Figure 6.19, borrowed
- - ,,,?i:fi:j 1 in modified form from the

|

report [37] gives for several
aircraft equipped with re-
versers the reverse coeffi-

75 I n s .-
E cient as a function of this
2 velocity.
M r
4 -0ana Sl

-8 =% 0 ¢ 3 T sec Also plotted in the
graph are the data of the
works [33]. We can see that
these experimental points

Figure 6.17. Increase in Air Temperature at lie in a common band of data
Engine Inlet for a Reversers (Figure 6.16) as cited by the author of the
Functions of Time for an Immobile Aircraft, report [37]. Using this

at Different Engine rpm Settings: o, number graph to the very first ap-
of rpm, n = nmax; O, n= 0.9nmax; A, n= proximation we can form a

] Z . general idea about the pos-
0'75nmax’<> » 0 0'6nmax’ sibility of using any parti-
Cut-in of Reverser; ¥, Point at which Re- cular reverser on an aircraft
verser Cut-out Begins.

1, Point of Total

Measurements conducted

on a full-scale reverser have
shown that the temperature in the reverse stream at a distance of 1,200 mm from
the nozzle axis is reduced down to one-third, but with further separation from
it is reduced gradually (Figure 6.20). At a distance of 3 m the temperature in
the stream is equal to about 150°C. These data are in accord with the results
of temperature measurement at the screen positioned around the hemispherical
reverser, shown in Figure 6.21. We can also see from the diagram that
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increasing the temperature over part of the screen located aft of the shutters

of the reverser is slight.

°C

tinlet

N
80 = T‘_—
2N
40 —u§§%§§
)05 720 % 0 km/hr

Vlanding run

Figure 6.18. Air Temperature at the
Inlet to an Engine Equipped with a Re-
verser (Figure 6.16) as Functions of
the Landing Run Velocity of the Air-

craft for Different Engine rpm Settings:

a, n=n ; b, n=0.9n ; €, N =
b max’ 2 9 max’ b

= 0.75nmax. 1, At Cut-in; 2, In the

Working Position; 3, At Cut-off; 4,
Reverser in Gathered Position (the
Arrow indicates the initial moment

at which the reverse stream is ingested
into the engine inlet).
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Figure 6.19. Reverse Coefficient
as a Function of Maximum Aircraft
Landing Run Velocity at which the
Reverse Stream does not Become
Ingested into the Engine Inlet:
o, Data of the Report [37]; e,
Data of the Report [33].

To avoid ingestion of the
reverse stream into the engine
inlet and on to the structural

assemblies of the aircraft, discharge of gases from the deflecting elements
does not proceed strictly in the vertical or horizontal planes. Thus, for ex-

ample, to provide normal operating conditions of the wheels and landing struts,

and also of the fuselage on the Comet IV, the reverser is discharged at a 20°
angle to the vertical, and in this case upwards--to one side of the fuselage.
On the BAC VC-10 (Great Britain) in which the reversers are installed in the
two outermost Conway RCo. 42 engines of the four installed on pylons in the

rear of the fuselage, the reverse streams are emitted as follows: the upper--

in the vertical plane and forward at an angle of 45° to the horizon, the outer-

most halves of the lower streams--at an angle of 35° to the vertical to one
side of the fuselage and forward at an angle of 45°, and the inner halves of
the lower-streams--at an angle of 20° to the vertical to one side of the fuse-

lage and rearward at an angle of 105°.
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Figure 6.20. Temperature in Reverse
Stream as a Function of Distance From
Nozzle Axis for a Reverser Equipped
with Cylindrical Shutters and Deflect-

Figure 6.21. Distribution of Temp-
erature Along the Stream Situated
Around the Hemispherical Reverser
(Figure 6.16) When the Aircraft is
Taxiing 15 sec. After Thrust Re-
versal at n = Max [33]. 1, Plane

of Symmetry of the Hemispherical

ing Flaps [37] (n* = 2.2).
nozzle Reversers; 2, ''Forward'; 3, ''Up-

ward''.

An experiment in final adjustment
of a reverser on the Boeing 707 is of interest [22]. The initial variant of
the reverser was made in simplified form: the gas duct was throttled with a
series of strips forming a diaphragm; the deflecting screens made of annular
vanes with a design angle of 55° atthe exit were covered above and below with
screens. Ingestion of exhaust gases at the engine inlet was observed in stand
tests, which led to compressor stalling. When a deflector 125 mm high was in-
stalled on the engine nacelle ahead of the reverser, this did not do away with
gas ingestion into the inlet. Framing of two front series of vanes, ensuring
exiting of the stream at right-angles to the engine axis, did prove successful.
The reverse coefficient proved to be 0.40-0.45 as compared to the value 0.30-
0.35 required for safe halting of the aircraft.

The wing of the Boeing 707 has a large sweepback and the inner engines
are shifted far forward compared with the outer engines, which promotes inges-
tion of the left reverse stream of the inner engine in the inlet of the outer,
and also forcing back of the right reverse stream of the outer engine by the
left reverse stream of the inner engine and the incursion of the latter into
the inlet of the inner engine. Tests of these reversers installed on the two
left engines on a prototype aircraft revealed that when the reverser of the
left of the engines operating at low throttle regime is cut-in, ingestion of
the reverse stream at the inlet and compressor stalling of the engine is ob-
served for an immobile aircraft. To verify the effect that the entraining
flow has on gas ingestion into the engine inlet, the aircraft was accelerated
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to 185 km/hr using the two right engines, and then they were shifted to low
throttle regime and the reversers of the left engine were cut-in. At a landing
run velocity greater than 150 km/hr, the exhaust gases did not strike the eng-
ing inlet. At lower velocities continuous compressor stall occurred. The in- /192
ner engine proved to be under worse conditions. Compressor stalling of the
inner engine was eliminated by varying the design angle at the exit of part of
the screen vanes facing the inner engine on the reverser of the outer engine,
which led to a change in the reverse stream exit angle. Compressor stalling
of the outer engine at a landing run velocity greater than 75 km/hr was elimin-
ated by reworking part of the inner engine screen vanes. When the reverser
from the left outer engine was installed in the inner right engine, ingestion
of exhaust gases in engine inlets was not observed.

In this way it was established that ingestion of exhaust gases at engine
inlets causes engine compressor stalling in a few seconds. In several cases
severe compressor stalling developed in the absence of an appreciable rise of
inlet temperature, which was associated with disturbance of the velocity field
at the inlet. These tests showed that eliminating ingestion of exhaust gases
at an engine inlet must be conducted individually for each engine and separate-
ly for each specific engine layout on an aircraft.

As the result of the final adjustment, a series-produced design of a re-
verser was developed and the order in which the reversers are cut-in when an
aircraft is landing was drawn up.
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CHAPTER VI I

DEFLECTORS USED IN TURBOJET ENGINES

§1. Present Status of Research and Development of Deflectors

The idea of using a jet stream to produce a 1ift force was born
simultaneously with the introduction of turbojet engines to aviation. One of
the early domestic proposals, made in 1945, was a scheme of a turbojet engine
incorporating N. Ye. Kitanin tilting nozzles for a vertical takeoff and landing
aircraft.

Reports on gas dynamic studies of deflectors are not numerous. Several
studies have been published in which a variety of schemes of deflectors used
in turbojet engines intended to produce lift force, control and balancing, etc.
moments are examined. The results of experimental research on a number of
schemes of such devices has been published by A. A. Svyatogorov and N. I.
Khvostov in 1959. The article [39] examines schemes of devices for deflecting
turbojet engine jet stream, as well as aerodynamic and design problems of
building deflectors. Figure 7.1 presents, based on datda in the report [29]
schemes of deflectors that can be used to solve different problems. These
schemes have been developed based on a group of possible fields of application.
Naturally, some judgement about the suitability of any particular scheme for
spacific needs can be made only after experimental research and design develop-
ment that is suitable for the given aircraft. Based on a consideration of the
schemes it is clear that the transverse force can be produced in two ways: by
introducing into the jet stream some surfaces (flaps, shutters) or by angling
the stream forward of the nozzle exit area, that is, by the very same devices
as are used in building negative thrust produced by turbojet engines. However,
in contrast to reversers, production of a transverse force requires nonsymmet-
rical discharge of gas.

Transverse force is built up when the area of the jet nozzle is regulated
by advancing a flap into the plane of the exit cross-sectional area [43].
Thrust losses are observed when this is done. A similar idea was realized on
an experimentally vertically lifting device '"Atar Volain'" (France) incorporat-
ing a turbojet engine [14]. The gas control surfaces of the flying vehicle
consisted of four flaps that were advanced into the jet stream and which de-
flected it toward the required side. Each pair of oppositely positioned flaps
was connected with the power control cylinders governing course and pitching.
With the simultaneous advance of all flaps into the stream, the nozzle exit
area can be cut by 10% and the thrust of the engine change, which ensures con-
trol over the vertical translations of the vehicle. We note that the method
of producing transverse forces by advancing your flap into the nozzle cross-
section area across the stream has found application in developed projects for
flying craft using rocket engines and is now being studied experimentally.
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Figure 7.1. Scheme of Devices for lncreasing Lift, Control of Flying Craft,

and Its Balancing (from Data in the Study [29]). The Permissible Value of
Lateral Force in Fractions of Nozzle Thrust is Indicated Next to the Sketches.
The Schemes for Increasing Lift and Control are as Follows: 1, Nozzle at an
Angle of 90°; 2, Tilting Exhaust Pipe; 3, External Flaps; 4, Tilting Nozzle;
5, Tilting Rings. The Schemes for Control and Balancing are as Follows: 6,
Internal Flaps; 7, Cylindrical Reversers; 8, Tilting Valve in Fixed Engine

Nacelle; 9, Shifting Central Body.

Gas control surfaces, which are planes with aerodynamic profiles, have
been used in the domestic experimental flying stand "Turbojet'" on which re- /195
search studies on vertical takeoff and landing have been conducted.

Practical developments of turbojet engine deflectors intended for verti-
cal takeoff and landing aircraft have been conducted in a number of countries
following the accumulation of some experience with reversers, with which de-
flectors have features in common. Experimental-design developments and gas
dynamics research on deflectors have been conducted relevantly to two-deflector
schemes: Scheme I with two-tilting nozzles and shutters throttling the gas
duct (cf. Figure 7.8). We know of variants of Scheme I. Four nozzles, one
pair in each pass (cf. Figure 7.5), can be installed on a bypass engine. When
two engines are located in the engine nacelle (fuselage) of an aircraft, one-
sided discharge of gases at each engine through a single tilting nozzle can be
executed.

We find interest in the report [21] that presents results of model stud-
ies of a deflector of Scheme II in an installation equipped with a force-
measuring instrument, and also data of flight tests made of an aircraft equip-
ped with a turbojet engine that is fitted with a deflector. The articles [23,
35] present several results of studies made of pressure losses occurring in the
cleavage and partial angling of the flow in Scheme I and of thrust losses in
the tilting nozzle equipped with a deflecting screen.

The study [36] gives a comparative analysis of the deflectors built under

Schemes I and II. We know of a number of reports devoted to design-theoretical
examination of ways of improving the takeoff and landing characteristics of
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aircraft that have deflected gas streams [3, 41]. The report [13] describes
several schemes of deflectors, examines power plants for vertical takeoff
aircrafts, as well as problems associated with building and operating such
aircraft.

We must emphasize that deflectors have not yet gone beyond the stage of
experimental-design work. The only foreign aircraft with a power plant equip-
ped with deflectors that can be cut-in serieswise is the British VTO fighter-
bomber Hawker P-1127, the ''Castrel.

§2, Efficiency of Deflecting a Jet Stream Downward to Shorten Takeoff and
Landing Distances for an Aircraft

If the jet stream of an engine is deflected downward at an angle 8 with
respect to the horizon and if at the moment of takeoff or landing of an air-
craft vertical and longitudinal accelerations are equal to zero, then the
following relationships must be satisfied:

v? .
(P—|——G v,,)sm,e_—Q—”’Q 7S, (7:1)
g 2
G . G oV
prly 5 Gy . 2H 7.2)
(—I—g H)cos, o S (

where P engine thrust;

1]

G = weight consumption of gas through the engine;

VH = takeoff or landing velocity;
Q,S = weight of aircraft and wing area.

Here it is assumed that deflection of the stream occurs without loss
in thrust force, and that the deflected stream does not have an effect on the
aerodynamic characteristics of the aircraft.

We introduce several symbols:

56 = PO/Q - thrust-to-weight ratio of aircraft, that is, the ratio
of the engine thrust when performing in place close to
the ground to the aircraft's weight;

=P, G
jﬁ"‘;;’jéz=zr' - ratio of thrust and consumption of air through the
0 engine in the landing run to the thrust and air consump-
tion when performing in place, respectively;

PO,ideal = PO/G0 - §pecific thrust produced by an engine when performing
in place;
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K = cy/cx - aerodynamic characteristic of the aircraft;
Q = Q/S - specific wing loading.
Substituting the symbols given above into the equalities (7.1) and (7.2)
we get
D f-}—f?V”)si B—1 vy
ol/17 nh= *Cyz——o——, (7.3)

idealg

5 , PofyV v
f%(f;%‘ fiﬁ’)cosﬁ—— Wfeln V.
Pidear Pidealg 2KQ (7.4)

We can use the ratio (7.3) expressing the equality of the aircraft's
weight to its 1lift at the moment of touchdown or liftoff to find the landing
velocity or the takeoff velocity as a function of the angle at which the jet /197
stream is deflected

cy QV?,
sinf= _ 20

> Ve
Po (fy+ —
’ ( 1+1”ideal)%

The landing velocity of the minimum 1iftoff velocity as a function of the
angle by which the jet stream is deflected is shown in Figure 7.2 for the
specific loading Q = 300 and 600 kg/mz. The values of the function fl were
taken from the study [6] for compressor ratio Wcompressor = 8 and the tempera-
ture forward of the turbine equal to 1,200°K, the function £, =(1+ 0.2M2)2-5,

We can see from the graph that the efficiency with which the jet stream is
deflected rises with increase in the deflection angle 8 and with increase in
the thrust-to-weight ratio of the aircraft Py- Thus, for a specific loading /198

6'= 300 kg/m2, thrust-to-weight ratio P = 0.6, and when the stream is deflect-
ed by an angle B8 = 85°, the landing and takeoff velocity is reduced approxi-
mately from 70 to 40 m/sec, and when Q = 600 kg/m?--from 100 to 60 m/sec.

However, when the jet stream is deflected by an angle B < 90°, a hori-
zontal component of the engine thrust appears, which can prove to be greater
than the aerodynamic resistance of the aircraft at the landing velocity. In
this case the aircraft will pickup in velocity and the landing will prove
impossible. From the ratio (7.4) that expresses the equality of the force of
gravity to the aerodynamic resistance of the aircraft we can find the value
of the deflection angle Bl at which the aerodynamic resistance of the aircraft

is equal to the thrust, as a function of flight velocity
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Figure 7.2. Minimum Separation Velocity the jet stream by an angle close to

and Landing Speed as a Function of De- 90"
flection of Jet and Angle B8, at Which If following landing of an air-
Thrust Is Equal to Drag of Aircraft craft with deflected jet stream
for Various Values of Power and Speci- engine thrust reversal is executed,
fic Load on Wing Q: the length of the aircraft's landing
run will be substantially reduced.
300 kg/m? Figure 7.3 plots the length L

landing
0 for the landing of an aircraft

Q =
--.-.-. T = 600 kg/m?
as a function of the reverse coef-
ficient. The calculation was made
for stream deflection angles and
landing velocities corresponding to
the points of intersection of the

curves of VH and Bl in Figure 7.2.

Figure 7.3 presents, for comparison, a dashed line to indicate the landing run
distances for an aircraft that does not use jet stream deflection. We can see
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from the comparison that even without subsequent thrust reversal (Erev = Q)

stream deflection is a highly effective means of reducing the aircraft landing
run distance.

As was indicated above, the aircraft liftoff velocity in the takeoff run
can be substantially reduced by deflecting the engine's jet stream. However,
in takeoff runs with deflected streams the horizontal component of thrust is
reduced, which leads to an increase in the distance over which the liftoff
velocity is attained. In order to analyze the effect of the angle by which /200
the resulting thrust of the engine is deflected, on the takeoff landing dis-
tance, we will write out the equation of aircraft movement in the takeoff run
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where g = acceleration due to gravity;

p = coefficient of frictional force of aircraft when making a landing
or takeoff run on an airport.

The takeoff distance that must be traveled prior to attaining the liftoff
velocity can be found by integrating the expression

X

L:_‘S:H vav
) ’ (7.6)

where X = acceleration of aircraft, a familiar function of the velocity, de-
termined by formula (7.5).

Results of graphic integration of the expression (7.6) for an aircraft
with specific loading Q = 600 kg/m? for a coefficient of friction u = 0.02 are
shown in Figure 7.4 in the form of the takeoff run distance as a function of
the angle by which the jet stream is deflected (solid curves). From inspec-
tion of the figure it is clear that the takeoff run distance has a minimum at
some deflection angle B. This, as has already been remarked, is accounted
for by the fact that as the angle of stream deflection is increased the 1lift-

off velocity is reduced, as is the accelerating force. When the angle B 1_81,

liftoff becomes impossible (L - «)}. Thus, calculation shows that the takeoff
run must be made, when the jet stream is not deflected, and the stream de-
flection mechanism cut-in only after the liftoff velocity has been attained.
Here the takeoff run distances is considerably reduced and has a minimum at

8 = 90° (dashed curves in Figure 7.4). However, here also it makes no sense /2Q1
to deflect the jet stream by an angle greater than 81 shown in Figure 7.3,

since when this is done the aircraft following liftoff will be slowed down and
cannot proceed to gain altitude.

For turbojet engine aircraft the engine axis is usually located in the
plane of the wing chord and, consequently, in takeoff the turbojet engine
stream is deflected by an angle Bl that is approximately equal to the aircraft

angle of attack. If the aircraft's angle of attack in liftoff is 10°, then
the additional deflection of the jet stream by 20-25° with respect to the wing
chord for aircraft that have a specific wing loading Q = 600 kg/m? will lead
to a 6% reduction in takeoff run distance when the thrust-to-weight ratio

PO = 0.4, and a 20% reduction when the thrust-to-weight ratio PO = 0.6 compar-

ed to the takeoff run distance without additional deflection of the jet stream
For the case of additional deflection of jet stream, only at the moment of
aircraft liftoff, the reduction in takeoff run distance under these same con-
ditions will be, correspondingly, 30-50%.

When there is a weak dependence of f1 and f2 as functions of velocity

during the aircraft acceleration period, the expression (7.6) can be integrated
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VH - aircraft liftoff velocity at the jet stream deflection angle of B.

Expanding in the series Y# ¥ B*—44C and retaining only the
—@C+ BVy)

first member of the series, we derive an approximational formula for calculat-
ing the takeoff run distance with jet deflected:

AV31+BVH)_ 2BV ] (7.7)

Ltakeoff run ==—l—-bn(l+—
2gA I 2C + BV

The approximate value of the aircraft takeoff run distance when the
stream is not deflected can be gotten from the relationship (7.7) by introduc-
ing in the appropriate coefficients B = 0,

2
Ltakeoff run 1 ln(l-k AVH) (7.8)
24g ?

where A has its former value but C = ﬁbf - .
1

The approximate expressions (7.7) and (7.8) determine the takeoff run
distance of the aircraft with precision that is good enough for practical
purposes. The total length of the takeoff run is defined as the distance over
which the aircraft gains a specific altitude (about 15-25 m). This distance
depends on the rate of climb near the ground at the takeoff weight of the
aircraft. With the symbols we have already adopted, the angle of inclination
vy of the aircraft trajectory is expressed via its characteristic as follows:
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It is clear from expression, (7.9)that when the stream is deflected (B > 0) /203

the rate of climb under otherwise equal conditions increases .and the distance
over which the altitude gain is made can also be shortened. However, we must
also bear in mind that in calculating the takeoff run distance we have not
allowed for losses of turbojet engine thrust that are associated with angling
of the jet stream. The thrust losses will lead to an increase in the distance
over which the liftoff velocity and altitude of 15-25 m are attained.

§3. Requirements Imposed on Deflectors Used on Lift-Thrust Turbojet Engines

To ensure maximum vertical thrust component, turning of the jet stream
in the deflector must be executed with minimum losses of total pressure.

To avoid the effect of the deflecting device on performance of the turbo-
compressor group of the engine, gas pressures aft of the turbine with deflec-
tor cut-in and cut-out must be equal. Losses of positive engine thrust with
deflector cut-in arise in devices used for deflecting jet thrust, constructed
under Scheme II (cf. Figure 7.8), owing to gas leakage at the seal areas.
These losses, as well as those in the reversers, must not be greater than 1%.

The operating conditions of vertical takeoff and landing aircraft show
that a jet stream deflected downward can strike the engine inlet, boost the
temperature of the inlet stream, and produce compressor stalling of the engine.
If the stream deflected by the device escapes at an acute angle to the sur-
face of the aircraft or the engine nacelle, then it flows along this surface,
just as in the case of the reverser. Therefore, exiting of the stream must
be organized in such a way that ingestion of gases at the engine inlet and
along structural parts of the aircraft will be at a minimum.

The condition of stepless turning of the stream is extended also to de-
flectors. With the deflector cut-in there must not be any erratic variation
of thrust and consumption. To cut down the takeoff distance when taking off
with a short run the transition from horizontal thrust to vertical must be
executed in 1-2 sec,

Just as for reversers, deflectors must be of minimum over-all dimensions
and weight and must not increase the side resistance of the aircraft in hori-
zontal flight. When the deflector is cut-in on an aircraft equipped with one
or a number of engines, to avoid building up pitching, yawing and rolling
moments, no asymmetrical thrust must be produced. This requirement is /204
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achieved by synchronicity of the performance of deflectors. Deflectors must
ensure maximum safety and reliability in operation.

Thus, the following main requirements are imposed on deflectors used on
lift-thrust turbojet engines:

1. Ensuring high vertical component coefficient, and consequently, high
coefficient of total pressure recovery.

2. The absence of any effect on normal functioning of the engine's
turbocompressor group. In deflectors constructed under Scheme II {cf. Figure
7.8) thrust losses in horizontal flight must be at a minimum, not more than

1%.

3. Ingestion of the deflected jet stream at the engine inlet and along
the structural parts of the aircraft must be at a minimum.

4, Stepless regulation of the turning of the jet stream must be
provided.

§4. Description of Designs of Deflectors Used on Lift-Thrust and Lift
Engines

Figure 7.5 presents a general view of the lift-thrust bypass Bristol-
Siddeley BS-53 '"Pegasus 5'" engine (thrust 8,165 kg) produced for the Trans-
sonic Hawker R-1127 Kestrel fighter-bomber (Great Britain) with vertical take-
off and landing capability. The deflector was constructed under Scheme Il.
Stand tests of the engine were begun in 1959, and in 1960 it underwent flight
test. The engine has four tilting nozzles--two forward ones serve to angle
the stream aft of the external pass compressor and the two rear serve to turn
the stream of the inner engine pass aft of the turbine. Some of the air flow
aft of the compressor of the outer pass is directed toward the inner main pass,
and some--to a receiver that has two outlets with circular openings equipped
with flanges on which the tilting nozzles are positioned. The gases of the
inner pass aft of the turbine are directed to the exhaust pipe, terminating in
two connecting pipes on which tilting nozzles have been installed. The noz-
zles are equipped with screens made of profiled vanes that ensure the required
amount of stream turning.

Turning the nozzles by about 100° is done in stepless fashion, smoothly,
with their fixation in a position, which governs the production of horizontal,
vertical, or negative thrust or thrust at any intermediate angle. In Figure
7.6, we see a diagram of the control. drive of the tilting nozzles?, Turning /205
by an angle of 90° takes place in less than a second. -

1 nteravia, No. 4548, R 4, 1960,
2Flugwelt, No. 3, p. 200, 1962.
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Figure 7.4. Takeoff Run Distance
of an Aircraft as a Function of
Angles by Which the Jet Stream is
Deflected for Different Thrust-to-

Weight Ratios PO: , Takeoff
and Liftoff With Deflected Jet Stream; Figure 7.5. Bristol-Siddeley BS-53
cy = 1.0; - - - -, Takeoff With Un Bypass Engine with Tilting Nozzles

deflected Stream, Liftoff with De- (Scheme 1).

flected Stream.

Figure 7.7. presents the experimental BS-100! 1ift-thrust bypass engine
with afterburner chamber in the outer pass (thrust 17,000 kg), a modification
of the Bristol-Siddeley BS-53 bypass engine. Use of a relatively low exit
gas temperature in the afterburner (1,200°K) makes it possible to do without
a special system for cooling the tilting nozzles. Sectioning of the nozzles
is regulated by reflectors operating from the control mechanism. The BS-100 /206
engine is intended for the supersonic Hawker R~1154 fighter-bomber.

Figure 7.8 presents a general view of the experimental lift-thrust Rolls-
Royce '"Medueus'" bypass engine (thrust 7,940 kg) equipped with a deflector con-
structed under Scheme I112. It consists of two tilting shutters and two con-
necting pipes (Figure 7.9) terminating in circular tilting nozzles equipped
with deflecting screens [34]. In the nonworking position of the deflector,
the shutters are positioned flush with the walls of the exhaust pipe, parti-
tion the side inlet windows of the connecting pipes, and do not block the
I Flight, Vol. 21/X, No. 2954, p. 693, 1965.
2 peroplane, Vol. 5/II1, No. 2733, p. 20, 1964.
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direct exiting of thé stream into the jet nozzle. When the deflector is in
the operative position the shutters rotate backward, partition ®he gas duct
and, opening simultaneously the inlet windows of the connecting pipes, direct
the gases through the connecting pipes to the tilting nozzles. Depending on
the nozzle position, set by the pilot, the jet stream can be deflected vert- /208
ically downward (in vertical takeoff and landing of an aircraft), rearward
(in acceleration), forward (in deceleration), or in any other intermediate
direction. The Medueus engine was intended for the heavy military transport
Hawker-Siddeley HS-681 with a short takeoff run. A similar deflector (Figure
7.10) has also been installed on the Rolls-Royce RB-163 '"Spay" bypass engine
(thrust 4,470 kg) 1.

Figure 7.6. Diagram of Control Drives for Tilting Nozzles on the Bristol-
Siddeley BS-53 Bypass Engine: 1, Engine Suspension; 2, Nozzle Control Lever
in Pilot Cabin; 3, Forward Conical Transmission; 4, Air Bleed Vaive; 5, Two
Pneumatic Mechanisms with Rotating Pistons; 6, Air Conduit to Stabilizing
Nozzle; 7, Reducer; 8, Rear Conical Transmission.

ypiqtion Week, VI, Vol. 78, No. 25, p. 71, 1963.
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The MAN Company, joint-
ly with Rolls-Royce has pro-
duced the RB-153-61 bypass
engine with afterburner
(thrust without afterburner
3,107 kg, with afterburner
5,300 kg) which is equipped
with a device for deflecting
the jet stream that has been
developed by the MAN Company
(Figure 7.11). The deflect- /209
or is located forward of
the afterburner chamber. It

Figure 7.7. Bristol-Siddeley BS-100 235 been Proposig to iz§tail
Bypass Engine with Afterburner, Equip- WO engines on the vertica
ped with Tilting Nozzles with Afterburner liftoff fighter VJ101D

in the Outer Pass. (FRG). Therefore, the de-

flector has been made with
nonsymmetrical gas dis -
charge*

— ST e,

i » ;o “ *
T 14 . o
U N :‘7 e ok e
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Figure 7.8. Rolls-Royce Bypass Engine Medueus with Deflector, and Its Operat-
ing Principle (Scheme I1): 1, General View of Engine; 2, Position of Device
for Deflecting Jet Stream in Flight; 3, In Takeoff, Landing, and Deceleration
of the Aircraft.

Installation on an aircraft of the Scheme II deflector compared with
Scheme I does afford certain advantages [4]. In Scheme I relatively high
thrust losses due to turning of the stream in the bends of the connecting
pipes and in the screens occur even in horlzontal fllght Scheme II allows

lInteravta, VOl 15/v No. 5495 p- 6 1964
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us to choose the thrust nozzle and the tilting (1ift) nozzles in such a way /210
that in takeoff maximum thrust is attained, but in horizontal flight the
engine continues to operate in the minimum specific fuel consumption mode. In
Scheme II thrust losses are caused, just as in the reversere of the similar
scheme, only by gas leakage in the assembly of the throttling shutters. In
the cruising mode Scheme II. provides better economy compared to Scheme I. The
engine nacelle for the power plant built under Scheme III can be designed
with minimum lateral surface area. The Scheme II also exhibits operational
advantages. In takeoff, in the initial acceleration of the aircraft the
thrust nozzle is used. The tilting nozzles deflecting the jet stream down-
ward precisely before liftoff of the aircraft (cf. §2 of this chapter) can be
fixed at the required angle in advance and held in this position. This guar-
antees that the required direction of thrust in the critical section of 1lift-
off will be provided. If the aircraft takes off in the usual way, then the
tilting nozzle can be fixed in advance in the negative thrust position in

the event that the liftoff has to be aborted.

Figure 7.9. Assembly of Deflector Used in the Rolls-Royce Medueus Bypass
Engine. Position of Shutters In Horizontal Flight: 1, Screen; 2, Tilting Noz-
zle; 3, Bend; 4, Shutters; 5, Hydrocylinder for Shutter Control; 6, Lift Lug;
7, Roller Bearings of Shutters; 8, Drive Shaft of Nozzle Tilting Mechanism;

9, Direction of Gas Flow to Jet Nozzle; 10, Hydraulic Motor of Nozzle Tilting
Mechanism; 11, Reducer; 12, Tilting Nozzle Ball Bearing.
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Figure 7.10. Deflector and Jet Nozzle of the Rolls-Royce ''Spay'' RB-163 Bypass
Engine.

However, the problem of
ingestion of exhaust gases at
the engine inlet is more sim-
ply solved in the variant of
Scheme I incorporating four
tilting nozzles if the first
nozzle pair is installed aft
of the fan. The cold air
streaming from these nozzles
prevents incursion of exhaust
gases from the rear pair of
tilting nozzles into the
engine inlet.

‘ - JR— o

Figure 7.11. Rolls-Royce MAN RB-153-61

Bypass Engine with Deflector. Figure 7.12 presents the

tilted nozzle! of the Rolls-
Royce RB-162 1lift turbojet
engine (thrust 2,000 kg),
which can be deflected 15° to
both sides relative to the engine axis. This 1ift engine is envisaged in 20
planned for vertical takeoff and landing aircraft now being developed in a
number of foreign countries.

Noteworthy are deflectors used on lift engines of the experimental trans-
sonic VTOL Dassault '"Balzac'" (France). A screen of tilting deflecting vanes,
_which serve the following three functions, installed at the jet nozzle exit:

1. In flight. when the tilting angle is equal to zero, the vanes cover
wover the exit area of the engine nacelle of the 1lift engine and prevent by-
=passing of air between the lower and upper surfaces of the aircraft.
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2. In takeoff, the vanes are
turned by 45° and deflect the jet
stream downward. This prevents
circulation of exhaust gases and
simplifies the transition from
takeoff to horizontal flight.

3. The gases do not strike
the ground vertically, but are
diverted rearward under the air-
craft, which provides some interval
of time between ignition of the
engine and the lift required to
check the engine and the control
systems before they are switched
over to full thrust.

Figure 7.12. Tilted Nozzle of the

Lift RB-162 Rolls-Royce Turbojet The use of this deflecting

Engine. screen makes it possible to solve
the problem of takeoff from an un-
improved area and to land in the
same kind of runway. In flight,

when the screen vanes are positioned at an angle of 90°, rarefaction is pro-

duced in the nozzle, affording start-up of engines before landing without use

of a starterl.

§5. Fundamentals of Gas Dynamic Calculation of Deflectors?

Under stand conditions the horizontal component of the thrust is equal
to the sum of projections of the impulse of the deflected stream and the im-
pulse of gas escaping from the nozzle in the straight-line direction:

- = (7.10)
Rhorizontal —'g 1gcos§4_;;.vb

The horizontal thrust component will be as follows for stand conditions with-
out bypassing of the gas to the jet nozzle

Gy
R orizontal ==’§'02COS§' (7.11)

Vertical component -of thrust

I Tnteravia Review, Vol. 19, No. 1, p. 48, 1964.
2Deflectors used with lift-thrust engines constructed under Scheme III are

under consideration (cf. Figure 7.8).
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_G ; (7.12)
Ryertical _ug—vgmnﬁ.
In these equations:

G2 and v, = consumption through the deflector and the velocity at its
exit;

Gl and vy consumption through the jet nozzle when the stream is de-
flected, and gas velocity at its exit;

8 angle between the direction of velocity v, and the horizon.

The equations (7.10, 7.11, and 7.12) have been written for the case of
uniform pressure fields and the stream exit angle and complete expansion of
gas in the exit area of the deflector and the jet nozzle.

Introducing the gas dynamic function f and the coefficients of total

pressure recovery in the deflector o, and in the nozzle 9,y with the deflector

cut-in, equations (7.10) and (7.12) can be transformed

Rior = PyFpcosBlng o £(x)) - 11 + pyFy[nf o £(A) - 115 (7.13)

- . _ (7.14)
RVer pHF251nB[n;0202f(A2) 1],

where F2 minimum cross-sectional area of deflector;
Fl = jet nozzle area when the stream is deflected.
The expression for the overall consumption is written in the following form:

kil

*

G=mp, HOZZIg(ng()\2)02—‘:_qu()‘1)71)]' (7.15)
Y7o

For the combustion products of a turbojet engine, m = 0.389, for airm =

= 0.3965.

The values of gas dynamic functions f(A) and q(A) are found from the

known coefficients of total pressure recovery o, and oy from the tables list-

ing the ratios

1 1
H (A ) = T~ s H (A ) = *
2 TT;ozzleOZ 1 wnozzlecl

181



For the case of nonuniform pressure fields and angles in the exit area
of the deflector and the jet nozzle, equations (7.13, 7.14, and 7.15) are
expressed in integral form.

The thrust components of the engine are written as follows in terms of /213
the coefficients of horizontal and vertical thrust components in the presence
of an external flow

= R G G
Phorizontal Rhorizontal (Pideal * 3z V) = z v, (7.16)
- G
= -V
Pyertical Rverticalcpideal * g )
(7.17)
where P, = ideal straight-line thrust of an engine, calculated for the

ideal
condition of total expansion of gas in the nozzle.
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CHAPTER VIl
EXPERIMENTAL RESEARCH ON DEFLECTORS I[N MODEL FORM /214
§1. Deflectors Used to Lift-Thrust Engines
Deflectors With a Connecting Pipe and Throttling Shutters

The scheme of this deflector is shown in Figure 8.1. The deflector is
placed between the turbine and the after chamber, as a consequence of which
the parts of the unit are not subjected to high temperatures in the after-
burner regime. The stream of gases after the turbine is emitted into the at-
mosphere through the deflecting connecting pipe formed by fixed lateral and
tilting walls 1. A tilting guide vane 2 is installed in the connecting pipe.
When the device has been cut-in, the throttling shutters 3 form a cone and
direct the stream of gases into the connecting pipes. Some of the gases
escape in a straight line through the gaps between the throttling shutters and
the cowling (bypassing), into the jet nozzle 4. The area of the clearances
is about 5% of the jet nozzle cross-sectional area.

The model has been studied for
design angles of wall inclination
g', equal to 78°, 60°, 45°, and
33°. For the values of the angle /215
B8' adopted, the exit areas of the
deflector were chosen that ensured
the same consumption with the de-
vice cut-in as when it was not
— operative.

v
D nozzle

Coefficients of vertical
thrust component Rver and horizon-

Figure 8.1. Deflector Equipped with a tal thrust components Rhor as func-

Connecting Pipe and With Throttling

Shutters: 1, Tilting Walls; 2, Guide
Vane; 3, Throttling Shutters; 4, Jet
Nozzle.

*
T
nozzle

= 2.2 is given in Figure 8.3.

tions of the design angle B' are
listed in Figure 8.2. The varia-

tion in the coefficient R and
ver

R, with change in wall tilting

hor
angle ¢ in the working regime for

The nature of the dependence of ﬁhor and §§er on the stream exit angle

(cf. Figure 8.2) is determined mainly by variation of the variables sin B

and cos B (equations 7.10 and 7.12).
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Figure 8.3. Coefficlents Rior and Roer

as Functions of the Angle ¢ By Which the

Throttling Shutters of the Model in Fig.

8.1 are Tilted for ﬁ;gzz]e 2'%;W”,

In the working regime, for the
greatest design angle of inclination
of deflector walls B' = 78° (Figure
8.4), the value Rver = 0.75 and the

coefficient of the resultant thrust
— _ 1
Rdefl 0.77-.

positioned at an angle B8' equal to
60°,45°, and 33°, the value of Riefl

lies within the limits 0.75-0.78.

When the walls are

The low Rdefl values are explain

ed by poor profiling of the through-
put section of the deflector.

The consumption coefficient was
retained at a constant value for all

- - - .
T ozzle values in the investigated

scheme of the deflector, just as in
the similar scheme of the reverser.

Deflector Equipped with a
Screen and Throttling
Shutters

The deflector with throt-
tling shutters and a deflect-
ing screen (Figure 8.5) differs
from that described above in
that a screen of strips with
a design angle B' = 90° is
used in the deflector. The
bypass area is about 5% of the
jet nozzle area. Measurements
showed that Rh ~ 0.

or

The maximum value R =
_ ver
—_ * - 4
= Rdefl when mrozzle = 2.2 in

this deflector was only 0.73,
which is close to the values
for deflectors described above

1 « e 5 o
Definitions of Rver’ Rhor’

R
Chapter III). defl
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In this way, installation of a screen of strips in the deflecting connecting
pipes did not have any effect.

Deflector Located Aft of the
Jet Nozzle Exit Area

The scheme of the deflector
shown in Figure 8.6 when the jet
stream is deflected the shutters
1 and 2 rotating on pins 3 are
fixed aft of the jet nozzle 4
and direct the stream downward.
In the cut-out position the
shutters are hinged in the hori-
zontal position and extend be-
yond the limits of the nozzle, /218
not preventing direct stream
exiting. The device can be
used in non-afterburner and
afterburner engine regimes. The
afterburner regime provides
higher thrust-to-weight ratio
for the aircraft, and conse-
quently, a higher vertical
thrust component when the jet
stream is deflected. 1In the
model of the deflector cylindri-
cal shutters for simplicity have
been replaced by a connecting
pipe which is secured to the jet
l”la3- I q [ j J l pipe by means of a flange. The
ost 02 A bt Lod design of the model affords
) ' variation in the connecting pipe
exit area by means of inserts.

Figure 8.4, Coefficients R, R and Studies have been conducted for

_ hor’ “ver a consumption coefficient equal
G as Functions of 7% for the to unity. When the entire flow
defl nozzle is deflected the lue R N
Figure 8.1 Model for a Different 8', and 1s deflecte vaiue Ber ~
the Coefficient R as a Function of ~(0.9 is attained for r* =
defl nozzle
the Angle B8' when ¥ = 2.2. = 2.2,
nozzle
Deflectors Incorporating Doubled Tilting Nozzles /219

The scheme of the deflector that series to deflect the jet stream by
means of twinned tilting nozzles is shown in Figure 8.7. In the indicated
position of the tilting nozzles 1 equipped with screen 2, direct exiting of
the jet stream is provided. To deflect the stream downward in order to build
up 1lift, the nozzles are rotated on flanges 3 by the angle 8' = 90°. For
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thrust reversal the nozzles are rotated by the angle g' = 90°. The deflector
used on the Bristol-Siddeley BS-53 bypass engine (Great Britain) has been
built according to this scheme.

r'—‘_” B 9
3 g iyer
=T, 0,74 R bl
. N = -
007s | | P 2 hor i~
] a1 06
¥ S [
0
- ) o 0'416 1.8 2
A , 0 »
— . 4 22 m nozzie
90°

Figure 8.5. Deflector Incorporating a Screen and Throttling Shutters, and its
Experimental Characteristics.
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15 18 40 2zm nozzle

Figure 8.6. Deflector Positioned Aft of the Jet Nozzle Exit Area, and lts
Experimental Characteristics.

The following variants of tilting nozzles were investigated:

1. Tilting nozzles that have leafwise vanes of screens with constant
pitch (Figure 8.8):

a) Three-vane with relative screen pitch t/c = 0.576,where t is the
screen pitch and ¢ = vane chord;

b) Four-vane (t/c = 0.461);
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c) Five-vane (t/c.= 0.385).

2, Tilting nozzles that are equipped with leafwise vanes of screens with
variable pitch (Figure 8.9):

a) Three-vane (t/c = 0.796; 0.64; 0.51; 0.359);

b) Four-vane (t/c = 0.575; 0.524; 0.473; 0.421; 0.312);

c) Five-vane (t/c 0.46; 0.43; 0.40; 0.37; 0.337; 0.308).

R . R A model of the device was built in ac-
defl’ “ver cordance with the scheme. Only the thickness
of the vanes was not modeled owing to its
small value. The reduced velocity at the
inlet to the model was about 0.65. Measure-
ments were made of the vertical Réert thrust

complement using a model with a single noz-

zle.
s 5 3 The nature of the curves of Rhor’ RVert
ot R! as a function of n* for nozzles
vert nozzle
with three, four and five vanes at constant
' and variable pitch is approximately the same.
In the range =* = 1.6-2.0, the values
_ - nozzle
Rh ~ R ~ 0.93.
or ver
Figure 8.7. Deflector with dat It %p%lowihfio$han eiimlnat;oihof the /221
Twinned Tilting Nozzles with _? a on ver a e pattern o € curves
Five-vanes with Constant R, and R is similar. The values of the
Pitch: 1, Nozzle; 2, Screen; _-er ver
3, Flanges. R ' coefficients differ from those of R
ver ver
mainly in absolute values. In the range
T = 1.6-2.4, the coefficient R * =~ 0.97. Thus, a large part of the
nozzle ver

thrust losses in the device under study (about 4%) is associated with cleavage
of the flow in the exhaust pipe and with its deflection in the bends of the
tilting nozzles, and a smaller part (about 3%)--with deflection of the stream
in the deflecting screens. From the data in the study [35], the coefficient
of the thurst produced by individual tilting nozzles equipped with a screen

is 0.97, but the coefficient the thrust of the entire deflector (considering
losses in cleavage and turning of the stream in the jet pipe) is 0.9 based on
the information given in the study [42].

For all the investigated tilting nozzle models, the measured consumption
levels for direct and deflected thrusts were the same.
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Figure 8.8. Tilting Nozzle With Constant Screen Pitch, and Experimental
Characteristics for Four Vanes.
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Figure 8.9. Tilting Nozzle With Variable Screen Pitch, and Experimental
Characteristics for Use of Three Vanes.

The experiment established that as the angle of nozzle rotation B' is
changed, the coefficients of horizontal and vertical thrust components are
varied, respectively, in proportion to the variables cos B' and sin B'. The

coefficient of the resulting thrust Rdefl proved to be practically constant

as the angle B' is changed when n* = const.
nozzle

The actual stream exit angles were determined .from the measured values of
the horizontal R or and vertical Rver thrust components. Measurements reveal-

ed that the geometrical angles 8' and o', respectively, and the exit angles

8 and o agree.
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Deflectors Incorporating a Single Tilting Nozzle!l

A single tilting nozzle 1 (Figure 8.10) with a deflecting screen can be
installed in a VIOL engine. In the position shown in the figure, the stream
exits in the direction of the engine axis. The total 1lift is produced when
the nozzle on the flange 2 is rotated by an angle equal to 120°. These tilt-
ing nozzles can be used in power plants that have two symmetrically arranged
engines, but they require synchronous control of the tilting nozzles.

Figure 8.10. Single Tilting Nozzles: a, With Deflecting Screen Made up of
Profiled Vanes: |, Tilting Nozzle with Deflecting Screens; 2, Flange; b, With
Screen Made of Leafwise Profiles: c, without Screens.

/222

IThe tilting nozzles were developed by V. N, Bazarov, A. P. Lev, etc. and
were investigated by A. P. Lev and K. N. Popov.
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The gas duct from aft of the turbine up to the tilting nozzle was con-
structed with a constant cross-sectional area. The possibility of increasing
the coefficients of horizontal and vertical thrust components produced by the
deflector via variatien in the design of the throughput part of the tilting
nozzle was explored. The following variants of the tilting nozzles were
tested:

1. a nozzle with a deflecting screen made of profiled vanes. A deflect-
ing screen with profiled vanes that had a relative pitch t/c=~ 0.7 (cf. Fig.
8.10 a) was installed in its exit cross-section, elliptical in form.

2. nozzle with deflecting screen made of leafwise profiles. This was
a variant of the nozzle differing from the foregoing in the fact that its exit
section was circular in form and in it was installed a deflecting screen div-
ided by twelve transverse stiffeners (cf. Figure 8.10 b). The screen was made
of leafwise profiles with the aim of simplifying the design and reducing its
manufacturing costs in production. The relative screen pitch t/c= 0.78.

3. nozzle without deflecting screen but with elliptical exit area. In
contrast to the foregoing variants, the nozzle was built without a screen in
the exit area in order to simplify cooling of the nozzle when operating an
engine at high gas temperature (cf. Figure 8.10 c¢). Two variants of this
nozzle were tested with angles y of the nozzle wall inclination to its axis
of 10 and 20°

For the investigated nozzle variants, Figure 8.11 presents their experi-

mental characteristics--the values of the coefficients Rh s R , R , the
or’ ver’ " defl

coefficient of total pressure recovery 9defl’ and the angle of stream exit a,

determined from the values of Rhor and Rver'

By comparing characteristics we can see that the thrust coefficients
ﬁhor and ﬁ' or of the four variants of the tilting nozzles in the working

range of pressure reduction w¥ = 2.0-2.5 are approximately equal and

nozzle

amount to Rhor’v Rver’v 0.95. The coefficient Rd ax 0.96. As ﬂ;ozzle is

decreased from 2.0 to 1.3, the thrust coefficients for these nozzle variants

are reduced down to the values Rh Rversu 0.88. The coefficients Gﬁ >

for all the pressure reduction levels investigated were maintained constant--

Ghor = 1.0.

The angle o of stream exit remains constant and is about 10° as ﬂ;ozzle

is varied for the variant a. For the nozzle in variant b, the value of o is
also kept constant, but is somewhat lower in value (o = 6°). For the two

1The definition of ahor has been given above ( §1, Chapter III).
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variants c, the angle o is reduced with increase in the extent of pressure

reduction.
10 " -
[s]
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Figure 8.11. Coefficients Rhor’ Rver’ and Rdef]’ and the Angle o for the

Tilted Nozzle as Functions of the Extent of Pressure Reduction: o, R

R 3 A
ver

» Rgef13 @1 Tgerrs

. O
hor’ ’

a, With Screen Made of Profiled Vanes; b, With

Screen Made of Leafwise Profiles; c, Without Screen When v

Screen When y = 10°.

20°; d, Without
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The practical agreement of the thrust coefficients for the nozzle vari-
ants investigated is explained by the fact that part of the exhaust duct for-
ward of their tilting nozzles is the same, but the different designs of the
deflecting screens and the tilting nozzles are constructed with such a high
degree of improvement that they ensure almost identical total pressure losses.
The horizontal and vertical thrust components, as the angle of nozzle tilting
B' is varied, as shown by tests, are varied, respectively, proportionally to
the values of cos B' and sin B'.

Deflector Incorporating Tilting Nozzles and Throttling Shutters

The model of the deflector described here is given in Figure 8.12. It
has a straight-line jet nozzle 1 and two connecting pipes 2 equipped with
tilting nozzles 3 incorporating deflecting screens. The nozzles, tilting by
means of a special mechanism, can deflect the stream downward to produce lift,
deflected at an angle less than 90° when the aircraft is accelerating, and
also deflect the stream at an angle greater than 90° (to as much as 180°) to
produce negative horizontal thrust components when landing.

The device has two cylindrical throttling shutters 4, which, rotating on
the pins 5, expose the inlet windows of the connecting pipes 2 and block
direct exiting of the thrust through the jet nozzle.

The vanes in the deflecting screens were made of sheet 0.5 mm thick with
an angle at the inlet equal to 90°, and at the outlet--30°. The relative
pitch of the screen was equal to t/c = 0.7.

_ Figure 8.13 presents the values of the horizontal thrust coefficients
Rhor in the case of direct (horizontal, 8' = 0) exiting of the stream from the

tilting nozzles, vertical thrust ﬁ;er when the stream was deflected downward

(R' = 90°), negative thrust ﬁ;e when the nozzles were in a

=R___/R,
v rev’ ideal
position deflecting the thrust horizontally .in the reverse direction (B' =
= ° i i ici G 1 -
= 180°), resultant thrust Rdefl’ consumption coefficient Gdefl , and the coef
ficient of total pressure recovery Odefl” To prevent leakage of air in test-

ing, the jet nozzle of the model was covered with an end cap 6 (cf. Figure
8.12).

From inspection of Figure 8.13 it follows that the coefficients ﬁhor’

R___, and R in the investigated range 7* = 1.3-2.0 increase. Within
ver rev nozzle

the limits =* = 2.0-2.5, the values of the thrust composition are retain-

nozzle

ed approximately constant ﬁhor ~ §§er ~ ﬁ;ev ~ 0.9. The consumption /227

Ipefinition of G

defl has been given above.
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coefficient for all values of nu* and nozzle tilting angles prove to be

nozzle
equal to unity. Consequently, tilting the nozzle when deflecting the jet
stream does not have any effect on parameters of the turbocompressor groups
of the engine. The coefficient of resultant thrust is equal to the coeffici-
ents of horizontal, vertical, and negative thrust Rd =z Rh ~ R ~ R .
efl or ver Tev

.12, Model of a Deflector Incorporating Tilted Nozzles and Throttling

Figure 8
Shutters.
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Figure 8.13. Coefficients of Thrust, Consumption Coefficient, and Coefficient
of Total Pressure Recovery as Functions of the Extent of Pressure Reduction
for a Model of a Deflector (cf. Figure 8.12): o, Riors O Ryeps % R oy’

o Rdefl )

Experiments established that as the nozzle tilting angle 8' is varied,
the horizontal and vertical thrust complements vary proportionally to the
variables cos B8' and sin B'. The value of the coefficient of the resultant
thrust stays constant with variation in the nozzle tilting angle g' (Figure
8.14).

- As results of studies made of

Rdefl a single nozzle equipped with a
095 T 7 B screen deflecting the stream by 90°
F—qy— > have shown, thrust losses in this
nozzle are about 3%. To the first

I
0,85 o
50 120 1s0 &0 . .
0 30 % # approximation we can assume that

in these tilted nozzles thrust los-
ses will have the same value. The

Figure 8.14. Resultant Thrust Coef- remaining thrust losses (approx.
ficient as a Function of the Nozzle %) can be assigned to cleavage of
Tilting Angle in the Model (cf. Fig. the stream and its deflection by
8.12) when ﬂﬁozz]e = 2.2. the shutters.

In the full-sized deflector it /228
is practically impossible to avoid leakage through the split between the
shutters. Therefore thrust losses can prove to be somewhat higher than those
obtained for this given model.

§2. Deflectors Installed in Lift Engines

Tilting Nozzle

The scheme of the tilting nozzle is shown in Figure 8.15. By means of
two diametrically opposite pins 1, nozzle 2 can be tilted toward both sides
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relative to the engine axis. Tilting of the nozzle will be executed also in /229
conjunction with the cone-cowling 3 located aft of the engine turbine.
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[o]

24 n*
nozzle

Figure 8.15. Scheme and Experimental Characteristics of a Tilting Nozzle
Model Installed in a Lift Engine: a, Undeflected; 1, Pins; 2, Nozzle; 3, Cone-

Cowling; 4, Deflected by 10°

Studies were made of the nozzle for nozzle tilting angles of 10° and 25°,
for the nozzle tilted at an angle of 25° together with the conical cowling,
and also for the untilted nozzle. The resulting experimental characteristics
have been listed, respectively, in Figure 8.15 and 8.16.

When we compare the characteristics we can clearly see that in the work- /230

ing range of degrees of pressure reduction ﬂ;ozzle ~ 2.0-2.5, when the nozzle

is tilted by the indicated angles, and also when the nozzle is tilted together
with the cowling, the coefficient of the resultant thrust is retained approxi-

mately constant Rdefl ~ 0.96. This is accounted for by the fact that the

aerodynamics of the throughput section remains essentially unchanged for these
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relatively small angles of nozzle tilting. In nozzle tilting the consumption
coefficient stays constant Gdefl = 1,0,

INE
N g

29 . Zouli

AT

095

ég J_, hd L

% e
17 b  —

Raeqy

T L LT
T l

gdeﬂ L

\L
o\

o i - ot
L2 1.6 2.0 24 “ﬁozzle

Figure 8.16. Experimental Characteristics of a Tilted Nozzle Model. a, De-
flected by 25°; b, Deflected Together with a Cowling by 25°.

The stream exit angles were determined from the measured values of Rhor

and R .

ver

Figure 8.17 presents the stream lagging angle » = B' - B as a function of
the nozzle tilting angle for u* = 2.2, where B is the actual stream exit

nozzle
angle and B' is nozzle tilting angle.

196



)\

|y A : _. J

0 8 i 2% p

Figure 8.17. Angle of Stream Lag as a
Function of Nozzle Tilting Angle

(ﬂﬁozz]e = 2.2): e, Together with the
Cowling.

sary values of horizontal Rhor and vertical Rver thrust components.

Deflector Incorporating Box-type
Shutter

This device (Figure 8.18) has

a strut 1 secured to the engine 2
or the engine nacelle of the air-
craft. Connected to the strut by
means of a mechanism 3 is the box-
type shutter 4, the sides of which
5 do not allow streaming of the gas
beyond the limits of its lateral
surface.

When the device is in the cut-
in position, the shutter is placed
at a desired angle relative to the
nozzle axis that ensures the neces-
When the

device is not cut-in, the shutters are folded together within the engine nacelle.
The device can also be constructed in the form of a hinged part of the engine

nacelle surface.

&«

048
(4.

v -4
s 4
\+43°
Figure 8.18. Scheme of Deflector

Incorporated in a Lift Engine that
Includes a Box-type Shutter: 1,
Strut; 2, Engine; 3, Shutter Con-
trol Mechanism; 4, Shutter; 5, Sides
of Shutter.

Experimental characteristics of
the model of the device when the shut-
ter is deflected by an angle of 43°
are given in Figure 8.19. As the ex-
tent of pressure reduction is greater,
the coefficient of resultant thrust
rises up to the value Rdeflz 0.92 for

= 2.2,

/232

T* Further, as the extent
nozzle

of pressure reduction rises to n* =
nozzle
= 23, defl

remains prac-

tically constant. Figure 8.19 also
presents the characteristics of a
model of the device incorporating a
shutter without-sides. Owing to the
planar form of the shutter, much of
the stream escapes toward the sides,
which enduces sizeable thrust losses
The maximum attained coefficient of
the resulting thrust for the device
incorporating this kind of shutter is

Rdefl ~0.7.

the value of R
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Figure 8.19. Experimental Characteristics of the Model of the Deflector In-
corporating a Shutter: e, Box-type Shutter; A , Planar Shutter.

Deflector Incorporating Tilting Vanes

The scheme of the deflector is shown in Figure 8.20. It has guide vanes
consisting of two parts: the upper 1 is fixed and the lower 2 tilts along
hinges to both sides relative to the axis of the nozzle 3 of the engine by
means of a mechanism. The vanes are restrained by the forks 4 secured to the
engine or the engine nacelle of the aircraft.

Figure 8.20. Scheme of De-
flector Incorporated in a

Lift Engine, Using Tilting
Vanes: 1, Fixed Part of Vane;
2, Mobile Part of Vane; 3,
Engine Nozzle; 4, Fork Re-
straining Vane; 5, Restrictive
Strips; 6, Experimental Vane.

Owing to the reduction in
the screen exit area when the
vanes are tilted, the increase
in the exit area is attained
by shifting the restricting
strips 5 (cf. Figure 8.20) to-
ward the periphery. When the
vanes are tilted by 19°, compensation for the reduction of the exit area is

provided by the length of the vanes, equal to 1.14 Dnozzle’ and when the vanes

are rotated by 30°--by the length of the vanes equal to 1.33 D

nozzle”
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Experimental characteristics of the model of the device are given in Figure
8.21. We can see that the consumption coefficient in both cases remains con-

stant: Gdefl = 1.0. When the vanes are deflected by an angle of 19°, as

¥ is increased the coefficient of resultant thrust R is reduced from
nozzle defl
f=~1 * = * - o . .
0.97 (ﬂnozzle 1.2) down to 0.90 (ﬂnozzle 2.5). For a 30° tilting of the

vanes, this coefficient is reduced from~ 0.93 (“;ozzle = 1.4) down to= 0.9

";ozzle = 2,5). The reduction in the resultant thrust coefficient with in-

crease in the angle of vane tilting is accounted for by the rise in the losses
of total pressure in the deflecting screen.

Rgefl
3 Ox ’ML,O\.
x
_ pol - S
Gdeﬂr -
Cden
10 , AN PR PN PRI O
os! L
10 14 1.8 2,2 26 M ozz1e
Figure 8.21. Experimental Characteristics of a Model of a Nozzle in a Lift
Engine Incorporating Tilting Vanes (cf. Figure 8.20): 8' = 19°: o, Z/Dnozzle =
— . = . | B— o =
= 1.14; x, Z/Dnozz]e 2.5; when B 30° e, Z/Dnozzle 1.33.

Figure 8.22 presents the consumption coefficient E&efl as a function of

the relative length of the screen vanes Z/Dnozzle' We can clearly see from /234
the figure that the minimum vane length for which the screen with B' = 30° does
not affect consumption through the nozzle is 7= 1.33 Dnozzle' As 1 rises

past 1.33 Dn the consumption coefficient stays constant.

ozzle

Gdeft Figure 8.22. Eéef] as a
10 o o .

///// Function of the Ratio Z/DnOZ
a9} // When w* . = 2.2): x, g' =

= 19°; o, B' = 30°.
08,5 12 4 16 8L
nozzle
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The limited nature of the results of experimental studies on deflectors in

turbojet engines does not yet allow us to make generalizations. However, the
data given in this chapter can be used in new developments of deflectors.

10.

11.

12.

13,

14.

15.

16.
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